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Series	Preface
CONTEMPORARY FOOD ENGINEERING

Food engineering is the multidisciplinary field of applied physical sciences combined 
with the knowledge of product properties. Food engineers provide the technological 
knowledge transfer essential to the cost-effective production and commercialization 
of food products and services. In particular, food engineers develop and design pro-
cesses and equipment in order to convert raw agricultural materials and ingredi-
ents into safe, convenient, and nutritious consumer food products. However, food 
engineering topics are continuously undergoing changes to meet diverse consumer 
demands, and the subject is being rapidly developed to reflect market needs.

In the development of food engineering, one of the many challenges is to employ 
modern tools and knowledge, such as computational materials science and nano-
technology, to develop new products and processes. Simultaneously, improving food 
quality, safety, and security continue to be critical issues in food engineering study. 
New packaging materials and techniques are being developed to provide more pro-
tection to foods, and novel preservation technologies are emerging to enhance food 
security and defense. Additionally, process control and automation regularly appear 
among the top priorities identified in food engineering. Advanced monitoring and 
control systems are developed to facilitate automation and flexible food manufac-
turing. Furthermore, energy saving and minimization of environmental problems 
continue to be important food engineering issues, and significant progress is being 
made in waste management, the efficient utilization of energy, and the reduction of 
effluents and emissions in food production.

The Contemporary Food Engineering Series, consisting of edited books, attempts 
to address some of the recent developments in food engineering. Advances in classi-
cal unit operations in engineering applied to food manufacturing are covered as well 
as such topics as progress in the transport and storage of liquid and solid foods; heat-
ing, chilling, and freezing of foods; mass transfer in foods; chemical and biochemi-
cal aspects of food engineering and the use of kinetic analysis; dehydration, thermal 
processing, nonthermal processing, extrusion, liquid food concentration, membrane 
processes, and applications of membranes in food processing; shelf life, electronic 
indicators in inventory management; sustainable technologies in food processing; 
and packaging, cleaning, and sanitation. The books are aimed at professional food 
scientists, academics researching food engineering problems, and graduate-level 
students.

The books’ editors are leading engineers and scientists from many parts of the 
world. All the editors were asked to present their books to address the market’s need 
and pinpoint the cutting-edge technologies in food engineering.

All contributions are written by internationally renowned experts who have both 
academic and professional credentials. All authors have attempted to provide criti-
cal, comprehensive, and readily accessible information on the art and science of a 
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relevant topic in each chapter, with reference lists for further information. Therefore, 
each book can serve as an essential reference source to students and researchers in 
universities and research institutions.

Da-Wen Sun
Series Editor
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Preface
Foods are characterized by their physical properties. These properties intensely 
affect the quality of foods and can be used to classify or identify them. Formerly, 
the quality of a food was given by its geometric characteristics, but is now evaluated 
as total quality, and takes into account the entire spectrum of physical properties 
of foods. In addition, in a globalized market, foods must be differentiated to better 
compete and the differentiation has to be based on their physical properties. Thus, it 
is necessary to characterize the properties of foods and to evaluate them by means 
of physical parameters. These parameters should be able to be measured objectively, 
quickly, individually, at a low cost, and in a manner that will not destroy the food; 
the measurement methods should be applicable on-line.

Many technical publications about the physical properties of foods have appeared 
for years, but the techniques of measurement are continuously evolving and have 
not been sufficiently described in the literature. Thus, it is appropriate to publish 
Physical Properties of Foods: Novel Measurement Techniques and Applications. 
The book is divided into two parts. Part 1 deals with principles and measurement 
techniques of the main physical parameters, highlighting the newest techniques 
and their ability to replace the traditional ones. Part 2 covers their application to the 
measurement of these parameters and to classify, identify, and differentiate various 
foods, for example, fruits, vegetables, cereals, meat and meat products, and dairy 
products.

Physical Properties of Foods: Novel Measurement Techniques and Applications 
is written by international peers who have both academic and professional creden-
tials, highlighting the truly international nature of work. It aims to provide the engi-
neer, the researcher, the food market, and the food industry with critical and readily 
accessible information on the modern techniques for measuring physical parameters 
affecting food quality and food characterization. The book should also serve as an 
essential reference source to undergraduate and postgraduate students and research-
ers in universities and research institutions.
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1 Basics of Electronic, 
Nondestructive 
Technologies for the 
Assessment of Physical 
Characteristics of Foods

Abelardo Gutierrez, José Blasco, 
and Enrique Moltó

1.1   ELECTRONIC DEVICES FOR MEASURING 
PHYSICAL PROPERTIES OF FOOD

Increasing awareness of quality and enhanced perspicacity of consumers are leading 
a strong drive for improved quality of fruits and vegetables, in both the fresh market 
and the food industry. In this sense, food technologists as well as agricultural engi-
neers are interested in physical properties of food materials in order to determine 
how foods or fruits will handle during processing, to get an indication of the product 
quality, and to understand why consumers prefer certain foods or fruits. Quality 
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of produce encompasses sensory properties, nutritive values, chemical constituents, 
mechanical properties, functional properties, and lack of defects, each of which has 
been the subject of many studies.

The need to measure the physical properties of food also arises from the increased 
regulatory action and heightened consumer concerns about food and fruit safety. 
It was estimated that this industry spends on average 1.5–2.0% of the value of its 
total sales on quality control and appraisal (Luong et al., 1997). Moreover, the trend 
toward continuous automated production in place of human-assisted operation neces-
sitates the measurement of food properties, particularly in the area related to on-line 
or rapid at-line process control applications. Automation not only optimizes quality 
assurance, but more importantly, it helps to remove human subjectivity and incon-
sistency. It usually increases the productivity and changes the character of factory or 
farmworkers, making it less arduous and more attractive. The fact that the productiv-
ity of man working in mechanized and automated environments is approximately ten 
times that of manual workers has stimulated progress in the development of many 
novel sensors and instruments for the food industry, often by technology transfer 
from other industrial sectors, including medical and nonclinical sectors.

Agricultural products have low unit values and economic viability, and indus-
trialized agriculture generally implies high-speed automation. One example was 
provided by Gall et al. (1998) for the UK potato industry. The market standards 
were still increasing and tolerance values reducing. To be viable, automated sorting 
systems should be able to handle 100,000 or more potatoes in 1 hour.

Thus, there is an increased need for better quality monitoring, and this has to 
be based on electronic sensors. Over the years, many electronic devices have been 
developed, most of them trying to mimic human sensory characteristics, in order 
to automatically measure quality and quality-related attributes and often oriented 
toward real-time and nondestructive testing.

Electronics has been widely adopted in fruit grading machines since the 1980s, 
initially to support the use of load cells, for more accurate and faster weighing than the 
mechanical predecessors. Widespread use of photocells and microprocessors enabled 
the development of color-sorting systems in the 1980s. They were followed quickly 
by machine vision–based systems that used charge-coupled device (CCD) cameras 
and PC frame grabbers for sorting produce based on shape and color. Implementation 
of morphometric algorithms, allowed estimation of fruit volume to be implemented.

Although machines were initially marketed with vision or weighing capabilities, 
the combination of the two capabilities proved to be useful for the assessment of 
produce density. In the mid-1990s, automated blemish detection systems, employing 
more sophisticated algorithms (e.g., neural networks, fuzzy logics, etc.) provided 
new utilities to machines based on image processing. At the same time, the fact that 
computer images are 2D projections of a 3D scene, made researchers envisage dif-
ferent methods to obtain information on the whole surface of the produce, that is, 
imaging the fruits when they rotate on rollers or the use of mirrors.

Furthermore, use of wavelengths outside the visible spectral range, or combina-
tions of visible and invisible information (ultraviolet, near-infrared) from images is 
becoming commercially available. A wide range of noninvasive imaging technolo-
gies (x-ray, ultrasonics, magnetic resonance, etc.) are currently used in medicine, and 
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soon they will be available in the agri-food sector. Widespread adoption of soft x-ray 
inspection systems by the security industry is driving prices down for this technology. 
It is likely that this technology will migrate to the food sorting industry at some stage.

Spectrophotometry is also capable of extracting information related to the chemi-
cal composition of fruit and vegetables, thus providing data to estimate the qual-
ity of these products. Other technologies, such as electrical impedance, chlorophyll 
fluorescence, gas sensors, and biosensors are under development in order to generate 
more complete and accurate assessment of quality.

This chapter reviews the electronics basis of these devices in order to facilitate the 
understanding of the following chapters.

1.2  SPECTROPHOTOMETERS

Spectrophotometers are employed to measure the amount of light that a sample 
absorbs or reflects. A beam of monochrome light is directed toward a sample and the 
intensity of light reaching a detector situated on the opposite part (absorption mea-
surement) or at a certain angle (normally 45º, reflection measurement) is quantified. 
Thus, a spectrophotometer consists of two parts—a light source whose spectrum is 
decomposed in narrow bands of certain wavelengths, and a photometer for measur-
ing the intensity of the monochromatic light coming from the object.

Historically, spectrophotometers use a monochromator, containing diffraction 
grating to produce the analytical spectrum composed of narrow bands of specific 
and close wavelengths by changing the position of the grating with respect to the 
incident light. The single photometer is a photomultiplier tube.

Photomultiplier tubes consist of an evacuated envelope with a photocathode that 
emits electrons when exposed to light. There are two main types of photomultiplier 
tubes: side-on photomultipliers and end-on photomultipliers. Side-on detectors are 
more economical than end-on models, and have faster rise times. Their vertical 
configuration takes up less space than the end-on versions and they mount in stan-
dard or pulsed housings. The main disadvantage of these photomultiplier tubes is 
their nonuniform sensitivity. End-on photomultiplier tubes, sometimes known as 
head-on photomultipliers, offer better spatial uniformity and photosensitive areas 
from tens of square millimeters to hundreds of square centimeters (Hamamatsu 
Photonics, 2006).

Some modern ultraviolet-visible (UV-Vis) spectrometers use solid-state detector 
arrays instead of a single detector. These solid-state detectors (photodiodes) are not 
as sensitive as the conventional detector (photomultiplier tubes), but they are much 
smaller and can be made into an array and can detect a large number of wavelength 
elements at the same time. By measuring all the wavelength elements within the 
whole spectrum simultaneously, spectral data are acquired much faster.

Figure 1.1 shows a schematic of an absorbance spectrophotometer with diffrac-
tion grating and a single photometer. The instruments are arranged so that liquid in a 
cuvette can be placed between the light source, whose wavelengths have been sepa-
rated by a monochromator, and the photometer. The changes in wavelengths are pro-
duced by changing the orientation of the monochromator with respect to the source. 
The intensity of light passing through the cuvette is measured by the photometer. The 
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photometer delivers a voltage signal to a display. The signal changes as the amount of 
light absorbed by the liquid changes depending on the incident wavelength.

When monochromatic light (light of a specific wavelength) passes through a solu-
tion there is usually a quantitative relationship (Beer’s law) between the solute con-
centration and the intensity of the transmitted light, which is given by Equation (1.1),

	 I = I0*10–kel (1.1)

where I0 is the intensity of transmitted light using the pure solvent, I is the intensity 
of the transmitted light when the studied compound is added, c is concentration of 
the studied compound, l is the distance the light passes through the solution, and k 
is a constant. If the light path l is a constant, as is the case with a spectrophotometer, 
Beer’s law may be written as Equation (1.2),

	 I ÷ I0 = 10–kc = T (1.2)

where k is a new constant and T is the transmittance of the solution. There is a 
logarithmic relationship between transmittance and the concentration of the studied 
compound (Equation [1.3]). Thus,

	 –log T = log 1/T = kc = optical density (O.D.) (1.3)

O.D. is directly proportional to the concentration of the studied compound. Most 
spectrophotometers have a scale that reads both in O.D. (absorbance) units, which is a 
logarithmic scale, and in percentage of transmittance, which is an arithmetic scale.

In addition to the familiar absorbance measurements described above, there are 
other types of measurements that can be carried out using UV-Vis spectrophotom-
eters. Among such additional measurements are those that are based on the ability of 
a spectrophotometer to measure the reflectance of materials. Reflectance measure-
ments are of great value in providing a reference standard for the comparison of the 
color of different samples.

A reflectance spectrophotometer is similar to a standard UV-Vis spectropho-
tometer. It should have a bandwidth narrow enough to provide well-resolved vis-
ible spectra yet wide enough to provide a good energy level for diffuse reflectance 

Adjustable aperture

I6 ILight source

Monochromator Cuvette

Sample

Photoresistor

Amplifier

Output

A 0.260

FIGURE  1.1  Basics of a spectrophotometer: spectrometer and photometer. (From http://
commons.wikimedia.org/wiki/User:YassineMrabet/Gallery.)

http://commons.wikimedia.org
http://commons.wikimedia.org
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measurements. The reflectance spectrophotometer must also have optics and elec-
tronics systems of high sensitivity, and should be able to physically accommodate 
reflectance and transmission accessories. The adapted spectrophotometer must be 
able to make measurements both at selected fixed wavelengths or perform scans over 
the complete wavelength range.

There are two major classes of devices: single-beam and double-beam spectropho-
tometers. A double-beam spectrophotometer compares the light intensity between 
two light paths, one path containing a reference sample and the other the test sample. 
A single-beam spectrophotometer (Figure 1.2) measures the relative light intensity 
of the beam before and after a test sample is inserted. Although comparison mea-
surements from double-beam instruments are easier and more stable, single-beam 
instruments can have a larger dynamic range, are optically simpler, and are more 
compact (Nielsen, 2010).

According to electromagnetic spectra, spectrophotometers can be divided in the 
two groups discussed in the next two sections.

1.2.1  Ultraviolet-visible (Uv-vis) spectrophotometers

The most common spectrophotometers are used in the UV and visible regions. Most 
of these instruments also operate into the near-infrared region. Traditional visual 
region spectrophotometers cannot detect if a colorant or the base material has fluores-
cence. In this case, a bispectral fluorescent spectrophotometer is used (Nielsen, 2010).

This device measures the intensity of light passing through a sample (I), and 
compares it to the intensity of light before the sample (Io). The ratio I / Io is called the 
transmittance, and is usually expressed as a percentage (%T). The absorbance, A, is 
based on the transmittance (Equation [1.4]):

FIGURE 1.2  Diagram of a single-beam UV/Vis spectrophotometer. (From Freeman V S, 
(1995). Spectrophotometry. In Laboratory instrumentation, ed. Haven, M.C., Tetrault G A, 
and J.A. Schenken, 72–96. New York: John Wiley & Sons.)
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 A = − log (%T / 100%) (1.4)

The radiation source is often a Tungsten filament (typical radiation between 300 and 
2500 nm wavelengths). For studies in the UV region, deuterium arc lamps (190–400 nm) 
are used. More recently, light-emitting diodes (LEDs) and xenon arc lamps are used for 
the visible wavelengths. Typically, photosensors are either single photodiodes or CCD.

1.2.2  infrared (ir) spectrophotometers

Spectrophotometers designed for the mid- and far-infrared regions are quite different 
because of the technical requirements of measurement in those regions, especially on 
longer wavelengths (more than 5 μm), when the thermal radiation is reached. Many 
materials, such as glass and plastic, absorb infrared light, making them incompatible 
as optical media. Ideal optical materials are salts, which do not effectively absorb IR 
radiation (Tetrault & Schenken, 1995).

In Fourier transform infrared (FTIR) spectroscopy, infrared light is guided 
through an interferometer and then through the sample (or vice versa). A moving 
mirror inside the apparatus alters the distribution of infrared light wavelengths that 
pass through the interferometer. The signal directly recorded, called an interfero-
gram, represents light output as a function of mirror position (horizontal axis). A 
data-processing technique called Fourier transforms this raw data (vertical axis) into 
the desired result—light output as a function of infrared wave number.

1.3  VIDEO CAMERAS

Cameras are devices that convert UV, visible, or near-infrared (NIR) radiation com-
ing from a scene in an electronic signal that can be input into a computer. The scene 
is projected by a set of lenses that refract the incident radiation and concentrate it in 
on a photosensitive device.

Most popular industrial cameras are based on a charge-coupled device (CCD). 
Basically, a CCD is composed of multiple capacitors that receive light from a par-
ticular location of a projected scene as input, and accumulate an electric charge that 
is proportional to the light intensity at that location. Each of these capacitors is called 
a pixel (abbreviation of picture element). Their electric charge is subsequently con-
verted to a standard electronic signal.

Some cameras are based on a linear CCD, composed of a one-dimensional array 
of capacitors that acquire a narrow strip of the scene. These cameras, known as line-
scan cameras, are suitable for use in applications where the object is moved below 
the camera or the camera moves above the object, so that the complete image of its 
surface is gradually acquired line by line.

Matrix cameras use a two-dimensional CCD and are currently the most com-
monly used in industry and research. They acquire images by using a bidimensional 
CCD (Figure 1.3), which consists of an array of sensors (pixels), each of which is 
a photocell and a condenser (Janesick, 2001). The load acquired by the condenser 
depends on the amount of light received by the photocell. In the CCD, these charges 
are converted into voltage and subsequently converted into a video signal.
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The most advanced cameras have three different monochromatic CCD sensors. 
Light enters through the lens and is divided into three equal parts by a prism, then 
directed to each CCD. Before reaching it, the light is conveniently filtered, so that 
each CCD represents the red, green, and blue bands (Figure 1.4). Greater color fidel-
ity is obtained with these cameras than with those based on a single CCD, but they are 
more expensive. Three CCD cameras are currently the most widely used in research 
and many examples are found in the scientific literature (Cubero et al., 2010).

CCDs in matrix cameras can be interlaced or noninterlaced (progressive scan 
cameras). Interlaced cameras first scan odd lines of pixels and then even ones, build-
ing what are known as the odd and even fields. This is done to preserve the sensa-
tion of movement in the human eye while watching video on a screen. However, 
inspected food produce travels at a high speed under the camera, so both fields are 
displaced in relation to each other, which deforms the shape of the objects and com-
plicates the analysis of the image.

Photodiodes

A/D converter

Horizontal shift register

FIGURE 1.3  Schematic of a visible CCD camera.
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FIGURE  1.4  Schematics of a three CCD camera. (From http://www.kodak.com/global/
plugins/acrobat/en/business/ISS/supportdocs/chargeCoupledDevice.pdf)

http://www.kodak.com
http://www.kodak.com
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In order to avoid these problems, progressive scan cameras produce noninterlaced 
images. This is combined with a high electronic shutter speed, which decreases the 
effect of the object’s movement by reducing the time that the CCD is exposed to the 
influence of light coming from the scene. As the shutter speed increases, the inten-
sity of lighting must be increased in order to avoid underexposure.

Newer cameras use complementary metal-oxide semiconductor (CMOS) sensors 
in a similar way, but consume less energy and are more economical to manufacture 
(Wang and Nguang, 2007). For CMOS sensors the production process is the same 
as for all microprocessors. With CCD cameras, incoming photons create negative 
charge carriers, which have to be integrated over a certain time, which is determined 
by shutter speed. By contrast, CMOS sensors are, in principle, photosensitive diodes 
that are in series with a resistor. While in CCD cameras electrons have to be trans-
ported via shift registers, the principle of the CMOS camera allows a continuous 
transformation of the incoming photons into a resulting voltage. A CMOS sensor is 
nothing but an array of exposure meters.

The enlargement of the size of images due to the great increase of computational 
power since 2000 has brought about an improvement in the performance of machine 
vision systems, since it is now possible to detect small defects of a few mm2. Another 
important advancement is related to the spread of high-speed protocols for data 
transfer between external devices and computers, like the universal serial bus (USB) 
(Axelson, 2005) or FireWire IEEE (Institute of Electrical and Electronics Engineers) 
(Shelly and Vermaat, 2010). These have modified the traditional configuration of 
a video camera to include an acquisition board (which initially was basically an 
analog-to-digital converter) to direct communication between the camera and the 
computer.

Intelligent cameras are also reaching the market. They incorporate a micro-
processor that allows analysis of the image inside the camera. The spread of the 
Internet has increased the availability of so-called IP cameras, which transfer the 
images using a network standard like TCP/IP, and allow the control of the camera 
via the Internet.

Although the camera-based technology is the most widespread in machine vision for 
agricultural applications, there are other technologies, such as flatbed scanners (Evening, 
2005), that allow the acquisition of images of small objects like nuts or leaves.

1.4  X-RAY COMPUTED TOMOGRAPHY

X-ray computed tomography (CT) is a nondestructive technique for visualizing 
interior features within solid objects, and for obtaining digital information on their 
3D geometries and properties. A CT image is typically called a slice, as it cor-
responds to what the object being scanned would look like if it were sliced open 
along a plane. A CT slice corresponds to a certain thickness of the object being 
scanned. So, while a typical digital image is composed of pixels, a CT slice image 
is composed of voxels (volume elements). A complete volumetric representation of 
an object is obtained by acquiring a contiguous set of CT slices.

The gray levels in a CT slice image correspond to x-ray attenuation, which 
reflects the proportion of x-rays scattered or absorbed as they pass through each 
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voxel. X-ray attenuation is primarily a function of x-ray energy and the density 
and composition of the material being imaged. Tomography imaging consists of 
directing x-rays at an object from multiple orientations and measuring the decrease 
in intensity along a series of linear paths. This decrease is characterized by Beer’s 
law, which describes intensity reduction as a function of x-ray energy, path length, 
and material linear attenuation coefficient. A specialized algorithm is then used 
to reconstruct the distribution of x-ray attenuation in the volume being imaged 
(ASTM, 1992).

The elements of x-ray tomography are an x-ray source, a series of detectors that 
measure x-ray intensity attenuation along multiple beam paths and a rotational 
geometry with respect to the object being imaged. Different configurations of these 
components can be used to create CT scanners optimized for imaging objects of 
various sizes and compositions.

The great majority of CT systems use x-ray tubes as sources, although tomogra-
phy can also be done using a synchrotron or gamma-ray emitter as a monochromatic 
x-ray source. Important tube characteristics are the target material and peak x-ray 
energy, which determine the x-ray spectrum that is generated; current, which deter-
mines x-ray intensity; and the focal spot size, which is related to the spatial resolution 
(ASTM, 1992).

Most CT x-ray detectors utilize scintillators (Ketchman & Carlson, 2001). 
Important parameters of the scintillator are material, size, geometry, and the means 
by which scintillation events (a flash of light produced in a transparent material by 
one ionization event) are detected and counted. In general, smaller detectors pro-
vide better image resolution, but reduced count rates because of their reduced area 
compared to larger ones. To compensate, longer acquisition times are used to reduce 
noise levels (Ketchman & Carlson, 2001).

Figure 1.5 shows some of the most common configurations for CT scanners. In 
planar-beam scanning, x-rays are collimated and measured using a linear detector 
array. Typically, slice thickness is determined by the aperture of the linear array. 
Collimation is necessary to reduce the influence of x-ray scatter, which results in 
spurious additional x-rays reaching the detector from locations not along the source–
detector path. Linear arrays can generally be configured to be more efficient than 
planar ones, but have the drawback that they only acquire data for one slice image at 
a time (ASTM, 1992).

In cone-beam scanning, the linear array is replaced by a planar detector, and the 
beam is no longer collimated. Data for an entire object, or a considerable thickness of 
it, can be acquired in a single rotation. The data are reconstructed into images using 
a cone-beam algorithm. In general, cone-beam data are subject to some blurring and 
distortion as the distance to the central plane increases. They are also more subject to 
artifacts stemming from scattering if high-energy x-rays are utilized. However, the 
advantage of obtaining data for hundreds or thousands of slices at a time is consid-
erable, as more acquisition time can be spent at each turntable position, decreasing 
image noise (Scannavino & Cruvinel, 2009).

Parallel-beam scanning is performed using a specially configured synchrotron 
beam line as the x-ray source. In this case, volumetric data are acquired without 
distortion. However, the object size is limited by the width of the x-ray beam. 
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Depending on beam line configuration, objects up to 6 cm in diameter may be 
imaged. Synchrotron radiation generally has very high intensity, allowing data to 
be acquired quickly, but the x-rays have generally low energy (< 35 keV), which can 
preclude imaging samples with thick materials (Barcelon et al., 1999).

Turntable

Sample

Planar Fan Beam Configuration

Collimator
X-ray point source

Linear
direction array

Planar
detector

Planar
detector

Turntable

Turntable

Cone Beam Configuration

Parallel Beam Configuration

X-ray point source

Synchrotron X-ray source 

Sample

FIGURE  1.5  Configurations for CT x-ray scanners. (From ASTM (American Society 
for Testing and Materials). 1992. Standard guide for computed tomography (CT) imaging, 
ASTM Designation E 1441-92a. In 1992 Annual Book of ASTM Standards, Section 3 Metals 
Test Methods and Analytical Procedures, 690−713. Philadelphia: ASTM.)
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Other variants are multiple-slice acquisition, in which a planar detector is used 
but data are processed with a fan-beam reconstruction algorithm and spiral scanning 
in which sample elevation is changed during data acquisition, potentially reducing 
cone-beam artifacts (Ketchman & Carlson, 2001).

1.5  MAGNETIC RESONANCE IMAGING (MRI)

MRI is actually a map of very weak magnetization, originated from some of atomic 
nuclei in the body tissue, in the presence of an external magnetic field. Since this mag-
netization is proportional to the density of those nuclei, MRI shows the distribution of 
the selected atoms. Hydrogen atoms are the most studied in MRI, since many materi-
als contain large amounts of water molecules. Softer tissues are generally seen easily 
in proton MR images that show even small differences in chemical composition.

Protons are subatomic particles having a single positive electrical charge that con-
stitute the nucleus of the ordinary hydrogen atom. They have a rotation movement 
due to a quantum mechanical property, called spin, around its own axis. Thus, a 
single atomic nucleus can be thought of as a spinning charged body, which acts as a 
tiny magnet. An external magnetic field can exert torque on the nucleus, which forces 
alignment of the nuclear magnetic field with the external field (Figure 1.6). Since the 
nucleus is spinning, it will precess about the magnetic field instead of aligning with 
it. The angle of precession of the nucleus’s magnetic field is quantized (due to the 
quantization of angular momentum), which is often referred to as being up or down.

The external magnetic field modifies the natural equilibrium of the energies of the 
spin states of the nuclei of the material. Nuclei whose spin is aligned with the applied 
field drop in energy; the lower energy state spin is more frequent than the higher 
energy state. Electromagnetic radiation of appropriate frequency (with energy that 
can cover the gap between the up and down states) applied to the nuclei make them 
resonate, thus producing rapid switches of nuclei states. This change of state may be 
detected with accurate apparatus since the required frequency is in the radio waves 
range (McRobbie et al., 2003). The strength of the transmitted energy is proportional 
to the number of protons in the tissue. This strength is also modified by properties 

Applied
Magnetic
Field

Hydrogen atoms aligned to
magnetic field

Hydrogen atoms in
random alignment

Absence of Magnetic Field

FIGURE 1.6  Principle of operation of magnetic resonance imaging. (From Neuroimaging 
Primer, Keith A. Johnson, M.D., Harvard Medical School.)
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of each proton’s microenvironment, such as its mobility and the local homogeneity 
of the magnetic field. MR signal can be weighted to accentuate some properties and 
not others.

The frequency of radiation at which resonance occurs is distinct for each nucleus 
and depends on its gyromagnetic ratio and the local environment. It is possible, 
therefore, to distinguish between (for example) the carbonyl and the methyl carbon 
atoms in ethanal (acetaldehyde). In this manner, nuclear magnetic resonance (NMR) 
is an extremely useful analytical tool for chemists, as it allows the chemical struc-
ture of an unknown compound to be probed to the degree that the structure may be 
completely deduced (Hill, 1998).

When an additional, convenient spatially variable magnetic field is superimposed, 
each voxel of the material has a unique radio frequency at which the electromagnetic 
signal is received and transmitted. This makes it possible to generate a tomographic 
image of the sample (Figure 1.7).

As has been said, protons in a magnetic field oscillate and are capable of absorb-
ing electromagnetic energy of the same frequency of oscillation. After they absorb 
energy, they release it to return to their initial equilibrium state. This reradiation is 
what is observed as the MRI signal. The return of the nuclei to their equilibrium 
state does not take place instantaneously, but rather takes place over some time and 
is governed by two physical processes:

• One that is due to the component of the nuclear magnetization parallel to 
the external magnetic field that requires T1 time

• Another one that is due to the component of the nuclear magnetization per-
pendicular to the magnetic field that requires T2 time

FIGURE 1.7  MR images of a mandarin with one seed inside, acquired using different MR 
sequences.
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T1 and T2 can be dramatically different for different soft tissues and for this rea-
son may be used to increase the contrast between soft tissues in an image. Moreover, 
T1 and T2 are strongly influenced by the viscosity or rigidity of tissues. The greater 
the viscosity and rigidity, the smaller the value will be for T1 and T2 (Hill, 1998).

Summarizing, the strength and characteristics of the MRI signal from a voxel 
depend primarily on the proton density and on T1 and T2, so it is possible to manipu-
late the MR signal by changing the way in which the nuclei are initially subjected 
to electromagnetic energy. Hence, one has a number of different MR imaging tech-
niques (weightings) to choose from, which accentuate some properties and not others.

As has been said, MRI machines use a stable magnetic field and a variable mag-
netic field. Stable fields are produced by three types of magnets: resistive, permanent, 
and superconducting (McRobbie et al., 2003). Resistive magnets are based on wired 
coils that conduct an electric current that produces the magnetic field. They require 
electric power, usually up to 50 kW. Permanent magnets use magnetized materials 
and do not require electricity. However, they are extremely heavy. Superconducting 
magnets differ from the traditional resistive magnet in that their coils are submerged 
in liquid helium and kept at an extremely low temperature, close to absolute zero, 
thus increasing the conductivity of the wires and requiring much less electric power 
to produce high-intensity magnetic fields.

In all three cases, variable fields are produced by three gradient magnets that have 
lower power than the main magnet and are much smaller.

1.6  ULTRASONIC SCANNING SYSTEMS

Ultrasonic waves are mechanical or acoustical waves of frequency ≥ 20 kHz, above 
the human hearing capabilities. With respect to sensing and measurements, high 
frequency avoids interference from many audible, low-frequency noises due to wind, 
machinery, pumps, and vibration of large bodies. High frequency allows resolution 
of the small in both the temporal and special senses. Attenuation often imposes the 
upper limit on the maximum usable frequency (Lynnworth, 1989). In most solids 
and liquid industrial materials, as well as in most biological tissues, such as in the 
human body, ultrasound energy is easily propagated, which facilitates diagnostic or 
detection procedures (Walls, 1969).

Ultrasound technology has been used for many years, its main application areas 
being medical diagnostics and industrial processes and inspections. At high frequen-
cies and low power it can be used as an analytical and diagnostic tool, and at a very 
high power it can assist processing. Throughout the scope of its applications, ultra-
sounds are generated in the same way. A transducer contains a ceramic crystal that 
is excited by a short electrical pulse that has a typical form of several sine cycles. 
Due to the piezoelectric effect, this electrical energy is converted to a mechanical 
wave that is propagated as a short sonic pulse at the fundamental frequency of the 
transducer. This energy is transferred into the material or body under analysis and 
propagated through it (Krautkramer and Krautkramer, 1990).

Either the same or another piezoelectric element acts as a receiver, converting 
ultrasound waves to electrical energy. When the system operates in pulse–echo mode, 
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the same piezoelectric element acts as a transmitter and a receiver alternately; when a 
through transmission mode is used, a second piezoelectric element acts as a receiver.

Ultrasonic energy propagates through a material until the sound waves encoun-
ter an impedance change due to changes in the material density or the velocity of 
the sound wave (Kuttruff, 1991). This can occur inside the material, due to tissue 
changes, the presence of hollow areas, or reflective materials.

The amount of reflected energy depends on the impedance change or the size of 
the reflector. If there are no internal reflectors, waves continue until the energy is 
totally attenuated. The energy attenuation of the ultrasound beam and the speed of 
wave propagation depend on the nature of the material and its structure (Kuttruff, 
1991). Most physical or chemical changes in the materials cause changes in the atten-
uation and velocity of the propagated beam.

Ultrasound image processing has gained support in both the medical and agri-
cultural fields. The most common ultrasound imaging technique is known as pulse–
echo ultrasound. A simplified example of this ultrasound technique is presented in 
Figure 1.8. A single sound pulse, whose primary direction is shown as T1, leaves 
the ultrasound transducer and proceeds to enter the subject being scanned. As the 
sound pulse continues outward, the density of the medium through which the pulse 
travels will change. This occurs most significantly at boundaries between two tissues 
of different densities. When the pulse reaches these types of acoustical boundaries, 
a portion of the pulse reflects back toward the transducer while a now weakened 
pulse refracts further into the subject. Once the reflected portion of the sound wave, 
referred to as an echo, returns to the transducer, its amplitude is recorded and using 
the formula distance = 2 *velocity *time, the depth at which the echo was produced 
can be determined (Muzzolini, 1996).

Transducer

T1

B1

B2

T2

T3
T5

T5

T3

T2 T4

T4

FIGURE  1.8  The reflection and refraction of sound waves from an ultrasonic scanner. 
(From Muzzolini, R. E. 1996. A volumetric approach to segmentation and texture characteri-
sation of ultrasound images. PhD thesis, University of Saskatchewan.)
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Using a single transducer, only one-dimensional images can be obtained, using 
the method known as an amplitude mode (A-Mode) scan. An example of such a scan 
is presented in Figure 1.9 (a). The brightness mode (B-Mode) scan is used to create 
two-dimensional images and requires an array of transducers. As a result, a 2D ultra-
sound image is an array of A-Mode ultrasound scans. An example of such is shown 
in Figure 1.9 (b). Pixel intensity in an ultrasound image corresponds directly to the 
amplitude of the echoes received by the associated transducer.

This image acquisition technique is susceptible to noise in fruit and vegetable 
characterization. Most biological tissues do not have a homogeneous density, result-
ing in echoes being recorded that are not near tissue boundaries (Mizrach, 2008). 
The superposition of echoes originated from different transducers also adds a par-
ticular type of high-intensity noise known as speckle noise. However, the most prob-
lematic issue with ultrasound in terms of noise is movement of the object.

Other imaging artifacts are due to the fact that echoes recorded by the receiver 
depend on the angle at which the sound pulse meets a tissue boundary. As a 
result, the amplitude of an echo, and in turn the pixel intensity in an ultrasound 
image, will be lower the less perpendicular to a tissue boundary the incident 
sound pulse is. Moreover, as the echo returns, it is common that a portion of the 
echo reflects on the transducer surface and reverberates between the transducer 
and the skin of the object. This produces a smooth decay in amplitude after a 
strong echo is received, instead of a sharp drop-off (Muzzolini, 1996). These two 
artifacts may prevent to detect region boundaries.

Current image segmentation algorithms applied in this field use assumptions 
about the appearance of a region or its boundary that are common to general image 
processing. Unfortunately, these segmentation approaches are very limited, due to 
the nature of ultrasound images. Assumptions that hold for the segmentation of other 
images, particularly those whose region boundaries produce a high gradient of inten-
sity, generally do not hold for ultrasound images. For this reason, current research is 
directed at proposing new approaches for detecting edge points in ultrasound images 
(Booth et al., 2006).

A-mode ultrasound B-mode ultrasound 

FIGURE 1.9  Ultrasound image types.



16 Physical Properties of Foods

1.7  ELECTRONIC ESTIMATION OF WEIGHT

Electronic weighing systems based on load cells (Figure 1.10) have made a signifi-
cant difference in the reliability of food sorting processes. Thanks to electronics, the 
accuracy of measurement is greatly improved, and this means that weight tolerance 
levels can be reduced.

A strain-gauge load cell essentially converts weight into electronic signals. As 
weight increases, it deforms a structural component of the load cell. As this com-
ponent changes shape, the electrical resistance of the gauge changes (Figure 1.11).

The strain gauges, usually four or a multiple of four, are connected into a 
Wheatstone bridge configuration in order to convert the very small change in resis-
tance into a usable electrical signal. Passive components such as resistors and temper-
ature-dependent wires are used to compensate and calibrate the bridge output signal.

In other load cells, the force applied to the device is transferred to a piezoelectric 
crystal and voltage across the crystal is measured. In both cases, the electronic signal 
produced is so small that subsequent amplification is needed.

Nowadays, two types of strain-gauge cells are in widespread use in the food sec-
tor. Bending load cells are widely used, in many configurations, for commercial 
transducers. Bending beams offer high strain levels at relatively low forces, which 
make them ideal for load cells integrated in weighing systems for fruit and veg-
etables. Furthermore, in case of a beam with a symmetrical cross section about the 
bending axis, there are always two surfaces subjected to equal strains of opposite 
sign. This offers a convenient means for implementing a full bridge circuit, while 
temperature compensation is relatively easy. Most products using the bending prin-
ciple are of the parallelogram or double bending type.

Shear (beam) load cells have become increasingly popular for all types of applica-
tions. Shear as a measuring principle offers a standard profile for a given capacity, good 
resistance against side loads, and a relatively small sensitivity to the point of loading.

A recess is machined in each side at section A-A (Figure 1.12), leaving a rela-
tively thin section in the center. Just as in a structural beam, most of the shear force 
imposed by the load is carried by this section, while the bending moment is resisted 
primarily by the flanges. At the neutral axis, where the bending stress is negligible, 
the state of stress on the web is one of pure shear, acting in the vertical and horizontal 
directions. As a result, the principle axes there are at 45º to the longitudinal axis of 
the beam, and the corresponding principal strains are of equal magnitude and oppo-
site sign. Pairs of strain gauges are installed on both sides of the web and connected 
in a full-bridge circuit for load measurement. Although it is more difficult to install 
the strain gauges in some form of recess, they can readily be sealed and protected 
against environmental effects. Shear beam load cells are relatively insensitive to the 
point of loading and offer a good resistance to side loads. This simplifies its use in 
many weighing applications.

1.8  MEASUREMENT OF RHEOLOGICAL PARAMETERS

Rheology is the branch of science that deals with the flow and deformation of materi-
als. At the most basic level, rheology can be described as the study of how materials 
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FIGURE 1.10  Typical load cells to be integrated in a weighing system.
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FIGURE 1.11  Working concept behind the strain gauge on a beam under exaggerated bend-
ing. (From Omega Engineering Technical Reference, http://www.omega.com/techref/.)

http://www.omega.com
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flow, or in a broader sense, how materials respond to the application of deformational 
energy. This definition could obviously encompass the entire field of solid and fluid 
mechanics. In practice, both the field of rheology and the development of rheometric 
instrumentation have been linked to the study and development of viscoelastic mate-
rial systems, which may be simply defined as material systems whose properties are 
time and/or temperature dependent (Macosko, 1994). Some material systems, such 
as food products usually display viscoelastic behavior. In these, texture is a key qual-
ity factor. Rheological behavior is associated directly with textural qualities such as 
mouth feel, taste, and shelf-life stability.

Rheological instrumentation and rheological measurements have become 
essential tools in the analytical laboratories of food companies for characteriz-
ing ingredients and final products, as well as for predicting product performance 
and consumer acceptance. The materials under investigation can range from low-
viscosity fluids to semisolids, and gels to hard, solid-like food products. Based on 
their measuring principles, basic rheometric instruments are either viscometers 
or rheometers (Gerth, 1980; Muschelknautz and Heckenbach, 1980). Viscometers 
record the torque and the shear rate in a geometrically defined gap during steady-
state shear flow. A typical rheometer incorporates the following features: wide 
torque, shear stress, temperature, shear rate, and frequency range. The output of a 
rheometer is typically a set of curves that depicts these forces as the pressure on 
the flowing material changes (Figure 1.13).

The most basic and widely used form of rheometric instrumentation is the simple 
steady-shear viscometer. A wide variety of existing devices have been developed for 
the measurement of steady-shear viscosity, many of which are specific to a particu-
lar industry or material. In principle, however, all of these devices share a common 
goal: to measure the bulk viscosity of a material as it flows in a steady or continuous 
fashion. In fact, the definition of the term viscosity, which is the ratio of the shear 
stress applied to a material and the resulting shear rate, suggests the design of most 
of these simple viscometers (Weipert, 1990).

As a comprehensive materials characterization tool, however, the traditional vis-
cometer is of limited use. The most powerful and versatile form of rheometric instru-
mentation currently in use may be described in general terms as a dynamic shear 
rheometer or simply a dynamic rheometer. The modern dynamic rheometer shares 
a basic common concept with the simpler viscometer in that it uses well-defined 

A

A

FIGURE  1.12  Principle of shear-web sensing element. (From Revere transducers. 
Application Note 07/06–13/01.)
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FIGURE 1.13  Strain and frequency sweep on mayonnaise. (From Herh, K. W., Colo, S. M., Roye, N., and Hedman, K. 2000. Rheology of foods: New 
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geometries, such as cone plates, parallel plates, or concentric cylinders, to isolate and 
deform the material in a controlled fashion (see Figure 1.14).

A dynamic rheometer applies very small amounts of rotation or deforma-
tion in a dynamic or oscillatory fashion. It is often useful to visualize this type 
of dynamic shear testing as if the sample were being vibrated between paral-
lel plates or concentric cylinders while controlling the sample temperature. The 
resulting measurement is delivered in terms of discrete components of the mate-
rial’s viscosity or shear modulus, as opposed to the simple bulk viscosity reported 
by traditional viscometers.

As mentioned previously, viscoelastic materials display time- and temperature-
dependent properties. When analyzed using a dynamic rheometer, the viscosity 
or shear modulus of a viscoelastic material may be resolved into component parts 
referred to as the elastic and viscous components (Equation [1.5]):

 G* = [(G’) 2 + (G’’) 2]1/2 (1.5)

where G* is the dynamic shear modulus, G’ is the elastic or storage modulus, and G’’ 
is the viscous or loss modulus.

These component parts of the bulk viscosity or modulus have specific meaning 
in the context of the bulk properties of the material and are individually very sensi-
tive to specific events occurring in the morphology or microstructure, or even the 
nanostructure, of the material system. These same structural effects or phenomena 
are often invisible to traditional, steady-shear viscometry.

A B C D

FIGURE  1.14  Typical sample testing geometries for dynamic rheometers: (A) parallel 
plates, (B) cone and plate, (C) concentric cylinder (cuvette), and (D) solid or torsion rectan-
gular. (From Herh, K. W., Colo, S. M., Roye, N., and Hedman, K. 2000. Rheology of foods: 
New techniques, capabilities and instruments. Application Note June 2000. Bordentown, NJ: 
ATS RheoSystems.)
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2.1  INTRODUCTION

For	profitable	and	effective	communication	methods	and	procedures,	standardiza-
tion	is	absolutely	necessary,	and	it	is	even	more	important	for	biological	materials	
like	food.	Despite	many	efforts	and	effective	work	done	by	prominent	researchers	
over	the	years	(Malkin,	1994;	Steffe,	1996;	Rao,	2007;	Bourne,	1978;	Szczesniak	et	
al.,	1963)	there	is	still	little	consensus	about	methods	or	measurements	of	rheological	
properties	of	food.

Nowadays,	another	challenge	is	to	develop	adequate	methods	for	new	food	mate-
rials	and	also	to	develop	new	preservation	methods.

Published	 literature	 on	 methods	 about	 this	 topic	 is	 based	 on	 old	 methods	 that	
sometimes	are	not	adequate	for	 today’s	needs	and	exigencies;	however,	some	new	
approaches	have	also	appeared.	Results	are	only	valid	with	precisely	defined	con-
ditions	of	measurement.	A	variety	of	 testing	methods	makes	comparison	between	
results	difficult,	if	not	impossible,	and	often	results	in	inconsistencies.

To	relate	these	modern	methods	and	the	use	of	classic	methods	to	new	foods	is	the	
aim	of	this	chapter.	However,	we	offer	a	brief	overview	of	classic	concepts,	dedicated	
to	those	who	are	just	beginning	their	understanding	of	this	area.

It	should	be	always	remembered	that	biological	materials	are	biomechanical	sys-
tems	with	complex	structures,	and	their	mechanical	behaviors	cannot	be	explained	
from	a	physical	point	of	view	because	of	this	complexity.

2.2   BACKGROUND INFORMATION FOR 
SOLID VISCOELASTIC FOOD

Food	rheology	studies	the	relationships	among	stress,	strain,	and	time	scale	of	foods	
in	order	to	understand	the	effects	of	processing	on	products,	probe	the	system	struc-
ture,	reveal	critical	aspects	of	food	texture,	and	correlate	their	texture	characteristics	
with	sensory	evaluation.

Three	 regimes	should	be	considered	 in	understanding	 rheological	behavior	dur-
ing	 stress	 of	 viscoelastic	 solid	 food	 material.	 The	 first	 region,	 in	 which	 Hooke’s	
law	is	obeyed,	 is	 the	linear	region	where	the	relationship	between	stress	and	strain	
is	proportionate.	The	 second	 region	 is	 characterized	by	nonlinearity	 and	 reflects	 a	
more	complex	relationship	between	stress	and	strain.	The	last	point	occurs	at	sample	
fracture.

The	second	part	is	very	important	in	order	to	describe	sensory	evaluation	of	food	
products	and	its	contribution	to	understanding	of	texture	analysis.

2.2.1  Large Strain MethodoLogieS: CoMpreSSion, torSion, and tenSion

The	study	of	behavior	related	to	regions	two	and	three	is	done	through	large	strain	
methodologies	like	compression,	torsion,	or	tension.

Compression	tests	are	really	simple	to	perform,	and	because	of	that,	they	are	very	
often	 used.	 Compression	 tests	 use	 a	 cylindrical	 sample	 that	 is	 squeezed	 between	
two	flat	plates	at	a	constant	velocity,	and	the	force	required	to	deform	the	material	
to	failure	is	measured	to	compute	a	fracture	stress,	and	the	degree	of	deformation	
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determines	fracture	strain.	Young’s	modulus	can	be	calculated	using	the	force	defor-
mation	curve	that	is	obtained,	if	the	material	probe	has	parallel	and	plane	surfaces.	
The	total	energy	of	fracture	represented	by	the	area	behind	the	curve	until	the	failure	
point	is	reached	is	another	useful	measurement.

During	tension	testing,	the	sample	is	extended	until	rupture,	and	similar	param-
eters	are	calculated.	These	tests	require	adequate	equipment	for	securing	the	probes	
and	are	often	rejected	because	of	this	added	difficulty.

Torsion	testing	involves	twisting	the	material	to	fracture.	The	degree	of	rota-
tion	and	magnitude	of	torque	required	to	break	the	sample	is	monitored	to	cal-
culate	the	strain	and	stress	at	fracture.	Torsion	places	a	condition	known	as	pure 
shear	on	 the	material,	 creating	an	equivalent	distribution	of	 shear	and	normal	
stresses	throughout	the	sample.	Each	of	these	fracture	approaches	can	create	a	
combination	of	shear	and	normal	stress	distributions	throughout	the	material	and	
care	must	be	taken	to	report	the	appropriate	failure	conditions	(Foegeding	et	al.,	
2003).

Nowadays,	enterprises	dedicated	to	food	production	and	evaluation	require	prac-
tical	methods	that	allow	reproducible	results,	are	easy	to	perform,	and	provide	a	fast	
and	adequate	answer.	So,	empirical	methods	are	often	used	in	food,	such	as	texture	
profile	analysis,	whose	parameters	can	be	easily	correlated	with	sensory	evaluation	
of	several	foods.	Compression	and	penetration	tests	with	different	probes	and	appa-
ratuses	are	 the	most	popular	among	food	 technicians;	both	are	based	on	uniaxial	
compression.	Instrumental	tests	such	as	creep/recovery	tests	are	performed	in	order	
to	find	 rheological	characteristics	 like	elasticity	and	 the	ability	of	 the	products	 to	
recover	their	original	shape	after	the	removal	of	stress	(Drake,	et	al.,	1999a;	Drake	
et	al.,	1999b).	According	to	Breuil	and	Muellenet	(2001),	tests	of	compression,	punc-
ture,	and	penetration	are	easily	done	with	a	universal	testing	machine,	and	they	give	
more	parameters	than	any	other	rheological	test.

2.2.2  Young’S ModuLuS and StiffneSS

When	stress	and	strain	result	from	axial	loading	tests,	the	force	acting	normal	to	the	
surface	causes	stress	in	an	uniaxial	direction,	making	it	possible	to	calculate	Young’s	
modulus	(E).	It	gives	a	useful	indication	of	how	easily	the	studied	material	can	be	
contracted	and	stretched,	sometimes	referred	to	as	the	stiffness	of	the	material,	and	
it	corresponds	to	the	slope	of	the	stress–strain	curve	(Equation	[2.1]).

 E =	dρ/dε	 (2.1)

where	ρ	=	stress	in	Nm−2	and	ε	strain,	and	E	=	Young’s	modulus	in	Nm2	or	Pa.
Known	values	of	Young’s	modulus	are,	according	to	Figura	and	Teixeira	(2007),	

9,9	×	109	for	ice,	3	×	10	for	ice,	3	×	109	for	dry	spaghetti,	0,6	until	1,4	×	107	for	raw	
apple,	2	×	103	for	gelatin,	and	0,8	until	3	×	106	for	banana.	Some	Young’s	moduli	have	
been	known	for	a	many	years.	Fridley	et	al.	(1968)	obtained	values	of	1.03	and	5.3	
MPa	for	peaches	and	pears,	respectively.	Misra	and	Young	(1981)	observed	that	the	
Young’s	modulus	of	soybeans	varied	between	125	and	126	MPa,	at	the	loading	rate	



26 Physical Properties of Foods

of	5	mm/min	and	moisture	content	of	13%	(w.b.).	For	biological	materials,	Poisson’s	
ratio	depends	on	moisture	content,	stress	magnitude,	and	loading	rate.

2.2.3  BuLk ModuLuS and CoMpreSSiBiLitY

On	the	other	hand,	the	bulk	compression	loading	modulus	(K)	is	used	to	characterize	
material	under	pressure	from	all	directions,	causing	changes	in	 the	volume	of	 the	
studied	 material.	 This	 reflects	 how	 a	 material	 withstands	 an	 elastic	 compression,	
sometimes	referred	to	as	the	firmness	of	the	material	(Equation	[2.2]).

	 K	=	dP/(dV/V)	 (2.2)

where
K	 =	Bulk	modulus	in	Nm2	or	Pa
dP	=	differential	change	in	pressure	on	the	object
dV	=	differential	change	in	volume	of	the	object
V	 =	initial	volume	of	the	object

The	behavior	of	food	materials	subject	to	high	pressure	treatment	is	quite	different	
for	liquids	and	gases,	which	are	isotropic,	or	for	solids,	which	are	mainly	anisotropic.

Both	stress−strain	curves	 reflecting	 the	application	of	uniaxial	and	omnidirec-
tional	stresses,	exhibit	a	 linear	elastic	behavior	during	 the	first	part	of	 the	stress−
strain	curve	and	their	slope	allows	calculation	of	the	previously	referenced	modulus	
of	elasticity	and	K.	Those	moduli	can	be	mathematically	 related	 trough	Poisson’s	
ratio.

2.2.4  poiSSon’S ratio

Apparent	 elastic	 properties,	 such	 as	 Poisson’s	 ratio	 and	 Young’s	 modulus,	 can	 be	
used	to	understand	load-deformation	behavior	of	food	materials	and	to	compare	the	
relative	 strengths	of	different	 food	materials.	Some	Poisson’s	 ratio	values	of	 food	
material	have	been	known	for	a	long	time:	it	varies	from	0	to	0.5	for	most	materi-
als	(Mohsenin,	1986;	Peleg,	1987);	 for	gels,	 it	 is	0.3	until	0.5;	 for	apple	 it	 is	0.23,	
for	potato	0.49,	for	peaches	0.2,	for	pears	0.5,	and	for	water	it	is	0.50	(Fridley	et	al., 
1968;	Mohsenin,	1986).	The	technique	described	by	Sitkei	(1986)	is	often	used	to	
determine	Poisson’s	ratio.

2.3  NOVEL MEASURING TECHNIQUES

2.3.1  MeaSuring teChniqueS for poiSSon’S ratio and Young’S ModuLuS

The	 Poisson’s	 ratio	 and	 Young’s	 modulus	 of	 red	 bean	 grains	 as	 a	 function	 of	
moisture	content	(5,	7.5,	10,	12.5,	and	15%	w.b.)	and	loading	rate	(3,	6,	9,	12,	and	
15	mm/min)	for	Goli	and	Akhtar	varieties	were	studied	and	experimentally	mea-
sured	with	the	Sitkey	technique	(Kiani	et	al.,	2009).	Before	initializing	the	tests,	
the	 original	 length	 and	 diameter	 of	 the	 studied	 specimens	 should	 be	 recorded.	
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In	this	case,	a	digital	caliper	(CD-6˝CS,	Mitutoyo,	Kanagawa,	Japan)	was	used.	
The	specimens	were	loaded	in	a	material	 testing	machine	(H50	k-s,	Hounsfield	
Ltd,	Surrey,	UK)	and	quasi-statically	compressed	until	the	material	failed.	Axial	
and	 lateral	deflections	of	 the	sample	were	recorded	at	 the	cracking	 limit	of	 the	
axial	 load.	Strain	 (axial	displacement)	was	measured	using	 the	material	 testing	
machine	 (Figure  2.1).	 Lateral	 deflection	 was	 measured	 using	 an	 instrumented	
bending	beam	(CE-10,	Tokyo	Sokki	Kenkyujo,	Tokyo,	 Japan),	which	contacted	
the	sample.

The	 ratio	 of	 transverse	 strain	 to	 axial	 strain	 produces	 a	 proportionality	 factor	
called	Poisson’s	ratio.

For	determining	Young’s	modulus,	tests	were	conducted	at	moisture	levels	of	
5,	7.5,	10,	12.5,	and	15%	(w.b.).	Also,	the	effects	of	the	loading	rate	on	Young’s	
modulus	 were	 studied	 at	 3,	 6,	 9,	 12,	 and	 15	 mm/min,	 as	 recommended	 by	 the	
ASAE	 (American	 Society	 of	 Agricultural	 Engineering)	 Standards	 (2004).	 Ten	
samples	were	 tested	 in	 the	material	 testing	machine	with	a	500	N	compression	
load	 cell,	 at	 each	 of	 the	 loading	 rates	 and	 moisture	 levels.	 Grains	 were	 placed	
between	 two	 parallel	 plates	 (Figure  2.2)	 and	 compression	 force	 exerted	 along	
the	thickness	of	the	samples;	data	on	the	strength	properties	were	automatically	
obtained	from	an	integrator.

As	expected,	Poisson’s	ratio	of	these	grains	exhibits	a	negative	relationship	with	
moisture	content.	On	the	other	hand,	a	positive	correlation	was	observed	between	
Poisson’s	 ratio	 values	 and	 loading	 rate,	 for	 increasing	 loading	 rates	 from	 3	 to	 15	
mm/min.	Young’s	modulus,	in	both	varieties,	significantly	decreased	with	increasing	
moisture	 content	 and	 with	 increasing	 loading	 rates	 from	 3	 to	 15	 mm/min.	 Other	
complementary	information	from	this	work	concerns	the	different	behavior	of	vari-
eties	under	different	loading	rates	and	their	different	elastic	properties,	which	is	use-
ful	information	for	designing	adequate	machinery.

Computer

Movement jaw

Sample
Indentor

Displacement sensor
Data

logger
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FIGURE 2.1  Schematic	diagram	of	the	setup	for	measuring	Poisson’s	ratio.	(From	Kiani,	
M.K.,	 H.	 Maghsoudi,	 and	 S.	 Minaei.	 2009.	 Determination	 of	 Poisson’s	 ratio	 and	 Young’s	
modulus	 of	 red	 bean	 grains.	 Journal of Food Process Engineering,	 doi:  10.1111/j.1745-
4530.2009.00391.x.	Reprinted	with	permission	from	John	Wiley	and	Sons.)
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2.3.1.1   Measuring Techniques for Compressibility in 
High-Pressure Processing of Foods

Nowadays,	high-pressure	processing	(HPP)	to	preserve	foods	is	increasingly	used	for	
many	different	foods,	from	fruit	juice	to	meat.	In	theory,	the	practice	of	HPP	of	food	
should	provide	uniform	temperature	and	pressure	distribution	during	process	dura-
tion.	It	corresponds	to	a	situation	of	bulk	compression	loading	on	the	material	(Denys	
et	al.,	2000;	Hartmann	and	Delgado,	2005).	All	compressible	substances	experience	
changes	 in	 their	 temperature	during	physical	 compression;	 this	 is	 an	unavoidable	
thermodynamic	effect.	At	pressures	of	400–1000	MPa	during	HPP	and	under	adia-
batic	conditions,	water	changes	3°C	for	every	100	MPa	of	pressure	change.	Fats	and	
oils	show	the	highest	compression	heating	values	(6	to	8.7°C	per	100	MPa)	(Ting	
et	al.,	2002;	Rastogi	et	al.,	2007).	 It	 is	generally	assumed	 that	 food	systems	have	
thermodynamic	properties	similar	to	water,	mainly	for	high-moisture	liquid	foods.

Therefore,	food	pressurization	induces	changes	in	thermodynamic	properties,	in	rhe-
ological	properties,	and	induces	compression	heating.	These	changes	could	have	conse-
quences	in	the	safety	and	quality	of	food	(Otero	and	Sanz,	2003;	Balasubramaniam	and	
Farkas	2008).	Physical	properties	of	foods	with	high	moisture	content	remained	simi-
lar	after	high-pressure	 (HP)	 treatment;	gas-containing	foods	can	show	changes	after	
HP	treatment	due	to	gas	displacement	and	liquid	infiltration.	Finally,	foods	without	air	
voids	don’t	exhibit	changes.	Even	HP	treatment	can	cause	desirable	texture	and	sensory	
changes,	for	example	in	surimi	and	cheese	(Ohsima	et	al.,	1993;	O’Reilly	et	al.,	2002).

According	to	Otero	and	Sanz	(2003)	and	Barbosa-Cánovas	and	Rodriguez	(2005),	
it	is	absolutely	necessary	to	measure	food	properties	in	situ	under	conditions	of	pres-
sure	to	obtain	accurate	data	and	to	go	on	with	high-pressure	food	processing.

Min	et	al.	(2010)	worked	with	16	different	types	of	food	with	the	aim	of	measur-
ing	compressibility	and	density	of	selected	liquid	and	solid	foods	at	25°C	and	pres-
sures	between	0.1	and	700	MPa.

RU, R´U 

RL, R´L 

F

FIGURE 2.2  Sample	loading	using	parallel	plate	contact	(ASAE	Standards	2004).	(From	
Kiani,	M.K.,	H.	Maghsoudi,	and	S.	Minaei.	2009.	Determination	of	Poisson’s	ratio	and	Young’s	
modulus	 of	 red	 bean	 grains.	 Journal of Food Process Engineering,	 doi:  10.1111/j.1745-
4530.2009.00391.x.	Reprinted	with	permission	from	John	Wiley	and	Sons.)
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A	 hydrostatic	 pressure	 system	 (26190,	 Harwood	 Engineering,	 Walpole,	 MA),	
rated	to	1000	MPa	was	used	to	generate	pressure	on	food	samples.	To	control	sample	
temperature,	propylene	glycol	at	controlled	temperature	is	recirculated	through	the	
vessel’s	 jacket.	Sample	volumes	were	measured	using	 a	piezometer	 that	was	 spe-
cially	designed	and	constructed	for	this	purpose.

Min	et	al.	(2010)	provided	a	detailed	sensor	description	and	its	operating	principle	
and	procedure.	Figure 2.3	shows	a	cross-sectional	drawing	of	the	sensor.

Compressibility	 and	 density	 were	 measured	 at	 25°C	 and	 pressures	 up	 to	 700	
MPa	with	a	variable	volume	piezometer	on	sucrose	solutions	(2.5–50%),	soy	protein	
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2

Gravity

1

FIGURE  2.3  Cross-section	 drawing	 of	 sensor	 in	 the	 sample	 loading	 position.	 The	 sen-
sor	 was	 inverted	 to	 a	 piston-downward	 position	 when	 installed	 in	 the	 pressure	 vessel.	 (1)	
Pressure	 vessel	 closure;	 (2)	 epoxy	 coated	 junction	 of	 copper	 and	 thermocouple	 wires;	 (3)	
sensor	end	cap;	(4)	thermocouple;	(5)	epoxy	coated	polycarbonate	tube;	(6)	magnet	wire	coil;	
(7)	tool	used	for	piston	positioning,	removed	during	operation;	(8)	piston	pressure	transmit-
ting	fluid	required	to	compress	the	pressure,	measured	with	a	strain	gage	(C-6211,	Harwood	
Engineering,	 Walpole,	 MA,	 ±0.4%	 accuracy)	 and	 thermocouple	 temperature,	 accurate	 to	
±1°C,	were	 recorded	with	a	data	 logger	 (34970,	Agilent,	Santa	Clara,	CA).	Pressurization	
rates	 were	 approximately	 20	 MPa/s,	 and	 depressurization	 rates	 were	 approximately	 2–5	
MPa/s.	(From	Min	S.,	S.K.	Sastry,	and	V.M.	Balasubramaniam.	2010.	Compressibility	and	
density	 of	 select	 liquid	 and	 solid	 foods	 under	 pressures	 up	 to	 700	 MPa.	 Journal of Food 
Engineering	96:	568–574.	Reprinted	with	permission	from	Elsevier.)
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solutions	(2.5–10%),	soybean	oil,	chicken	fat,	clarified	butter,	chicken	breast,	ham,	
Cheddar	 cheese,	 carrot,	 guacamole,	 apple	 juice,	 and	 honey.	 This	 methodology	
allowed	the	authors	(Min	et	al.,	2010)	to	conclude	that	compressibility	of	tested	foods	
changed	with	pressure	at	a	rate	that	decreased	with	increasing	pressure.	Variability	
in	compressibility	of	different	materials	is	likely	due	to	differences	in	concentration,	
chemical	composition,	and	complex	interactions	between	components	within	a	food	
system.	Compressibility	of	sucrose	and	soy	protein	solutions	decreased	as	a	func-
tion	of	concentration.	Protein	solutions	were	less	compressible	than	sucrose	solutions	
at	pressures	greater	than	200	MPa	for	equal	mass	concentrations.	Compared	with	
water,	fats	showed	high	compressibility	to	100	MPa,	similar	compressibility	from	
100	 to	300	MPa,	and	 less	compressibility	 from	300	 to	700	MPa.	Chicken	breast,	
ham,	Cheddar	cheese,	carrot	and	guacamole	showed	relatively	large	compressibility	
from	0.1	to	100	MPa.	Honey	showed	the	smallest	volume	decrease	over	700	MPa.

2.3.2  MeChaniCaL iMpaCt

The	concept	of	Mechanical	Impact	was	defined	by	Goldsmith	(1960)	as	an	instanta-
neous	load,	non	continuous	and	not	periodic.	Later,	Manor	(1978)	corroborated	those	
fundamental	theory	aspects.

To	 develop	 this	 experimental	 method,	 Hertz’s	 theory	 should	 be	 accepted.	 The	
contact	between	 two	convex	bodies,	one	of	 them	moving	at	high	velocity,	 causes	
an	impact	with	two	different	effects—the	contact	between	them	in	the	impact	area	
and	the	wave	propagation	(Moshenin,	1970;	Timoshenko	and	Goodier,	1970).	Works	
carried	out	by	several	researchers,	some	of	 them	in	food	engineering,	contributed	
the	definition	of	time of impact	as the time when the impact	load acts.	According	
to	Ruiz-Altisent	(1986),	impact	force	should	act	during	a	brief	time	of	10	ms,	which	
is	defined	as	the	impact time.	The	following	are	the	fundamental	equations	for	the	
impact	study.

Maximum	deformation	(D	max):
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Radius	of	the	tension	surface:
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A	=	(1	−	η1
2	)/E1	+	(1	−	η2

2	)/E2	;	V	represents	the	relative	velocity	between	the	bod-
ies;	m1 and m2	represent	the	mass	of	bodies	1	and	2,	respectively;	R1 and R2	represent	
the	radius	of	bodies	1	and	2,	respectively;	η	is	Poisson’s	ratio	of	the	studied	body,	a	
fruit	per	example	value	of	0.49;	and	E	represents	the	elasticity	modulus	of	the	fruit.

2.3.2.1  Hertz Contact and Impact Measurement Parameters
Some	parameters	should	be	defined	to	obtain	credible	information	about	mechanical	
impact	test	performance.	Impact	energy,	absorbed	energy,	rebound	energy,	and	load	
velocity	are	absolutely	indispensable	according	to	Ruiz-Altisent	et	al.	(1987).	Chen	
et	al. (1985)	referred	also	to	maximum	force,	velocity	after	impact,	and	maximum	
deformation	not	recoverable.

These	parameters	can	be	organized	in	three	categories	in	a	practical	approach	to	
fruit	study	(Garcia,	1988).

The	 first	 group	 includes:	 maximum	 deformation;	 permanent	 deformation;	 critical	
deep,	bruise	dimensions;	extension;	size	and	depth	of	the	bruise;	and	maximum	impulse.	
These	parameters	are	dependent	on	the	drop	height.	The	impulse	can	be	calculated	by	
integration	of	the	force–time	curve,	which	is	a	good	measure	of	impact	energy	that	is	
linearly	correlated	with	drop	height	and	independent	of	fruit	ripeness	stage.

The	second	group	of	parameters	is	also	correlated	with	drop	height	and	consists	
of	maximum	impact	force	(FI),	slope	of	the	force–time	curve	(FT),	ratio	between	the	
two	referred	parameters	(FI/FT),	and	rebound	velocity.

The	third	group	consists	of	time	of	impact	(TT),	final	duration	of	impact	(TF),	
the	difference	between	them	(TT − TF),	time	necessary	to	reach	maximum	force,	
optimum	slope	of	the	force–deformation	curve,	modulus	of	apparent	elasticity,	and	
maximum	tangential	force.	All	of	these	parameters	are	linearly	correlated	with	the	
ripeness	stage	of	the	fruits.	This	fact	is	very	important	because	it	allows	the	use	of	
the	parameters	in	building	new	quality	and	maturity	indexes	for	fruits	using	nonde-
structive	methods,	if	mechanical	impact	is	done	behind	the	bioyield	point.

The	 elasticity	 modulus	 in	 pears	 revealed	 a	 very	 strong	 correlation	 with	 their	
maturity	stage,	and	in	1979,	Chen	and	Friedley	used	it	to	develop	a	new	nondestruc-
tive	method	for	classifying	pears	according	to	their	ripeness	stage.	They	used	a	flat	
plate	with	an	infinitum	radium	(R2	=	∞),	and	several	impacting	spheres	with	differ-
ent	diameters.	The	use	of	 the	flat	probe	with	R2	=	∞	caused	a	strong	influence	of	
the	radius	of	the	fruit	on	the	elasticity	modulus.	On	the	other	hand,	if	the	impacting	
sphere	 is	 too	small,	 the	 tension	applied	on	 the	surface	of	 the	 fruits	 increases	and	
causes	damage	to	the	fruit	tissue	(Jarén,	1994).

Delwiche	et	al.	 (1987),	and	Lichtensteiger	et	al.	 (1988,	quoted	by	Bellon	et	al.,	
1994),	concluded	that	time	characteristics	of	impact	were	sensitive	to	elasticity	but	
independent	of	the	shape	of	the	fruit.
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Experiments	done	by	Delwiche	et	al.	 (1988)	 revealed	 that	 the	 ratio	of	maxi-
mum	force/(time	for	maximum	force)2	among	other	parameters	were	strongly	cor-
related	with	the	elasticity	modulus	of	fruits	and	with	penetrometer	measurements	
of	 firmness.	 Those	 measures	 didn’t	 reveal	 a	 strong	 connection	 with	 mass	 and	
radius	of	fruits.

Horsfield	 et	 al.	 (1972)	 adapted	 the	 impact	 theory	 basis	 to	 Hertz’s	 theory.	 The	
maximum	compression	stress	should	be	inferior	to	the	tissue	bioyeld	resistance,	and	
when	the	impact	occurs,	this	value	can	be	calculated	by	using	Equation	(2.7):
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R1 and R2	are	the	curvature	radii	of	the	bodies	that	are	in	contact,	K is	a	constant,	
m	is	the	mass	of	the	body,	g	is	the	force	of	gravity,	and	h	is	the	drop	height	of	the	
impacting	sphere.

2.3.2.1.1 Load Velocity
According	 to	Hellebrand	 (1985)	0.1	mm/s	 is	 the	minimum	velocity	necessary	 for	
the	occurrence	of	an	impact.	The	definition	refers	an	impact	time	of	10	milliseconds	
(Ruiz-Altisent,	1986)	or	less	than	15	milliseconds	(Garcia,	1988).

The	impact	is	mainly	distinguished	from	the	quasi-static	force	by	the	duration	of	
the	contact	of	the	bodies	(Fluck	and	Ahmed,	1973).

The	damages	observed	in	fruits	are	quite	different,	even	with	the	same	amount	of	
energy,	due	to	different	velocities	(Mohsenin,	1972;	Holt	and	Schoorl,	1977;	Sitkei,	
1986).	Chen	et	al.	(1985)	reported	that	the	parameters	that	depend	on	velocity	could	
be	analyzed	and	that	their	relation	to	bruise	susceptibility	in	fruits	could	be	studied.

Fruits	behave	like	viscoelastic	bodies;	the	elastic	component	is	more	evident	with	
the	application	of	an	impact.	The	rupture	in	this	kind	of	rheological	material	depends	
mainly	on	the	load	velocity	(Sinobas,	1988).

The	 significant	 effect	 of	 the	 deformation	 velocity	 on	 the	 fracture	 velocity	 was	
studied	by	Chen	and	Sun	(1984)	in	cylindrical	apple	samples,	varying	the	deforma-
tion	velocity	between	0.05	to	0.15	mm/s.	The	importance	of	viscosity	behavior	of	
vegetal	material,	such	as	fruits,	to	mechanical	impact	was	deducted.

During	the	application	of	a	mechanical	impact,	Chen	et	al.	(1985)	recommended	
the	study	of	several	parameters:	impact	energy,	impact	velocity	taking	into	account	
the	velocity	before	 the	 impact	occurs,	 absorbed	energy,	maximum	force,	velocity	
after	the	impact,	maximum	deformation,	and	deformation	not	recoverable.	The	rela-
tion	between	those	parameters	could	also	be	very	useful	in	studying	the	impact.

The	measurement	of	both	energy	and	velocity	is	quite	easy,	but	the	other	param-
eters	require	very	fast	equipment	that	is	able	to	read	parameters	like	acceleration	that	
change	very	quickly.

The	velocity	of	impacting	mass	ν	(t 1)	is	given	by	Equation	(2.8):
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	 v t gh( )1 2= 	 (2.8)

where	t1 is	the	time	at	the	beginning	of	the	impact,	g is	the	acceleration	due	to	grav-
ity,	and	h	is	the	drop	height.

The	velocity,	v (t),	the	acceleration,	a(t),	and	the	displacement	of	the	sphere,	x(t), 
are	related	by	Equations	(2.9)	and	(2.10):
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The	deformation	of	the	fruit	during	the	impact	is	given	by	Equation	(2.11):
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with	t1	≤	t	≤	t2.
The	force	of	the	impacting	sphere	on	the	fruit	is	given	by	Equation	(2.12):

	 F(t)	=	ma(t)	 (2.12)

where	m	is	the	value	of	the	impacting	mass.
Finally,	the	energy	transferred	from	the	sphere	to	the	fruit	can	be	calculated	by	

using	Equation	(2.13):

	 E t m a t dD t
D t
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where	m	represents	the	mass	of	the	impacting	body,	D	the	correspondent	deforma-
tion,	and	dD (t)	the	derivative	of	the	deformation	as	a	time	function.

2.3.2.2  Methods to Study Impacts
There	are	some	adequate	methods	 to	study	 impact	 that	allow	to	obtain	character-
izing	parameters.

According	 to	 Manor	 (1978)	 and	 Ruiz-Altisent	 et	 al.	 (1987),	 there	 are	 different	
experimental	approaches	involving	impact	methods	for	studying	fruits:

•	 Free	fall	of	fruits	on	a	hard	or	a	soft	surface
•	 Free	fall	of	a	mass	on	a	fruit	or	part	of	a	fruit
•	 Impact	produced	by	a	simple	or	complex	pendulum	upon	a	material,	such	

as	fruits
•	 Impact	produced	by	a	pneumatic	embolus
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•	 Impact	 produced	 by	 an	 impulse	 projectile	 attached	 to	 a	 string	 or	 by	
another	mechanism

The	more	common	methods	are	 those	of	 free	 fall	of	 fruits	upon	surfaces,	 free	
fall	of	a	mass	on	fruits,	or	even	impacts	produced	by	pendulums.	All	of	them	allow	
mechanical	study	of	the	material.

It	is	necessary	to	considerer	the	movement	of	the	fruit.	If	the	fruit	is	static,	there	
is	transference	of	the	moment	at	the	impact	point	and	also	at	the	support	point,	and	
two	damages	are	produced.	If	the	fruit	is	moving	while	the	impact	occurs,	there	is	
transference	of	the	moment	between	the	fruit	and	the	surface	that	suffered	the	impact	
and	the	force	is	only	applied	at	a	single	point	called	the	contact point.

According	 to	 Fluck	 (1975),	 much	 information	 can	 be	 obtained	 from	 a	 single	
impact	procedure	and	 its	 corresponding	curve:	 the	maximum	force,	which	corre-
sponds	to	the	highest	point	of	the	curve,	the	time	of	impact,	the	time	necessary	until	
the	end	of	the	contact,	and	the	movement.	The	area	under	the	curve	corresponds	to	
the	change	in	velocity,	according	to	Wright	and	Splinter	(1968),	and	can	be	used	to	
calculate	the	energy	of	impact.

If	the	fruit	doesn’t	recover	its	initial	shape,	the	energy	should	be	calculated	by	the	
Equation	(2.14):

	 Eimp m v v mg dti f= −( )+1
2

2 2 	 (2.14)

where	vi is	the	initial	velocity,	vf	is	the	final	velocity,	m	is	the	impacting	mass,	g	is	the	
acceleration	of	gravidity,	and	∆ dt	is	the	nonrecoverable	deformation.

Finney	and	Massie	(1975)	developed	a	computational	system	using	a	pendulum	to	
produce	an	impact	that	allows	force,	deformation,	and	their	relation	during	impact	
to	be	registered.

In	order	to	simplify	the	data	registration	and	their	analysis,	a	system	was	devel-
oped	in	which	the	signal	through	a	force	transducer	and	a	photoelectric	sensor	is	sent	
to	a	computer	through	an	amplifier,	a	multiplexor,	and	an	analogical	digital	structure	
converser.	 Jarimopas	 (1984)	continued	 these	studies	on	 impacts	using	 that	system	
(Figure 2.4).

Chen	et	al.	(1985)	developed	a	new	mechanism	to	measure	firmness.	They	used	a	
predefined	mass	to	impact	the	sample	in	free	fall	conditions.	This	device	can	regis-
ter	the	impacting	mass	deceleration	when	it	contacts	the	fruit,	and	the	impact	time.	
Thus,	the	parameters	velocity	of	impact	and	deformation	of	the	fruit	can	be	estab-
lished,	using	the	equations	of	a	uniformly	decelerated	movement.

Today,	this	method	allows	very	different	and	useful	studies	of	fruit	texture,	such	
as	those	at	Davis	University,	directed	by	Paul	Chen,	and	at	Universidad	Politécnica	
de	Madrid,	directed	by	Margarita	Ruiz-Altisent,	both	of	whom	are	authors	of	 the	
LPF	1.0	vertical	impacting	system.

However,	 these	 research	 teams	 worked	 on	 different	 approaches.	 At	 Davis	
University,	the	goal	was	to	obtain	a	single	parameter	to	describe	firmness,	as	can	be	
seen	in	the	published	works	of	Delwiche	(1986)	and	Delwiche	et	al. (1988).	In	these	
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works,	the	authors	propose	the	use	of	the	force–time	slope	and	their	relations.	Zhang	
and	Brusewitz	(1991)	recovered	the	idea	of	studying	the	force–time	slope.

The	aim	of	 the	team	working	at	 the	Universidad	Politécnica	de	Madrid	was	to	
study	the	impact	and	its	parameters	searching	for	a	relationship	based	on	the	ripe-
ness	stage	of	several	fruits	(apple,	pear,	peach,	and	avocado)	and,	on	the	other	hand,	
look	for	their	relation	with	standardized	methods,	such	as	penetration	(Magness	and	
Taylor,	1925).

A	 lot	 of	 research	 has	 been	 done	 concerning	 this	 last	 goal,	 like	 those	 of	 Jarén	
(1994)	with	pear	and	apple;	Jarén	et	al.	(1992)	and	Ruiz-Altisent (1993),	achieving	
a	 practical	 goal	 of	 automatically	 selecting	 fruits	 using	 several	 impact	 parameters	
to	distinguish	firmness;	Santos	(1991),	with	a	study	of	melon	during	cold	storage;	
Correa	(1992),	with	determination	of	avocado	firmness;	and	Barreiro	(1994)	studying	
apple,	pear,	peach	and	apricot.

Several	research	works	done	with	pear	and	apple	by	Barreiro	and	Ruiz-Altisent	
(1994),	comparing	different	methods	for	firmness	measurements	with	impact,	con-
cluded	that	impact	measurements	can	be	stricter	and	more	powerful	than	some	stan-
dardized	measurements	like	compression.

According	to	Ruiz-Altisent	et	al.	(1986),	the	performance	of	an	impact	using	the	
previously	 referenced	device	with	 appropriate	 software,	 allows	a	 large	 amount	of	
data	to	be	recorded:	100	values	of	acceleration	are	immediately	visible	at	the	monitor	
and	include	the	curves	of	velocity,	acceleration,	force,	maximum	values	of	accelera-
tion	and	deformation,	as	well	as	time	of	impact.

The	existing	programs	allow	easy	calculation	of	values	for	modulus	of	elasticity	
(Fekete	and	Felföldi,	1994),	bioyield point,	 force	change,	 time	to	reach	maximum	
force,	 time	necessary	 to	 reach	maximum	deformation,	and	force	and	deformation	
during	impact	based	on	the	elastic	model.

Accuracy	of	the	impact	data	is	absolutely	necessary	for	correct	study	results	and	
allows	comparison	of	data	obtained	in	different	studies.	It	should	be	noted	that	with	
the	described	device,	Chen	et	al.	(1985)	obtained	measures	of	acceleration	from	0	
until	1000	m/s2	perfectly	lineal	and	with	accuracy	above	99.9%.

Electro-iman

ComputerData logger

Acelerometer

Indentor sphere

Sample

FIGURE 2.4  Representation	of	the	device	to	study	mechanical	impact	developed	by	Paul	
Chen’s	team	at	the	University	of	California	in	1985.
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Chen	and	Tjan	(1998)	tried	to	develop	a	method	to	calibrate	the	device,	which	is	
essential	for	its	correct	performance.	They	used	a	small	sphere	and	took	into	account	
the	 fact	 that	 the	acceleration	 is	quite	 independent	of	 the	 fruit	mass	and	 relatively	
insensitive	to	the	radium	of	curvature.	Values	of	correlation	of	0.85	between	param-
eters	of	impact	and	firmness	of	Magness-Taylor	were	obtained	for	peaches.

2.3.2.3   New Approaches Using Other Different Methods Based 
on Mechanical Impact and Study of Vibrations

Other	perspective	of	the	impact	applications	is	the	study	of	vibrational	characteris-
tics,	often	used	for	evaluation	of	fruit	firmness	through	elasticity	modulus.	The	work	
of	 the	 following	 researchers	 should	 be	 noted:	 the	 work	 done	 with	 low	 frequency	
by	 Hamann	 and	 Carroll	 (1971),	 and	 with	 sonic	 vibration	 by	 Finney	 (1970,	 1971,	
1972);	by	Sarker	and	Wolfe	(1983)	that	studied	ultrasounds	and	the	study	of	acous-
tic	response	to	impact	by	Yamamoto	et	al.	(1980,	1981),	Yamamoto	and	Haginuma	
(1984a,	1984b),	Armstrong	et	al. (1990),	and	Chen	and	Huarng	(1992).	The	acoustic	
signs	produced	by	impact	were	studied	by	Hayashi	et	al.	(1995)	to	obtain	a	reliable	
quality	evaluation	of	different	fruits.

The	results	through	waves	transmitted	on	the	surface	of	the	fruit	and	the	velocity	
of	transmission	allow	prediction	of	the	firmness	of	fruit	flesh	because	they	discov-
ered	 that	 the	 velocity	 of	 propagation	 of	 the	 waves	 change	 dramatically	 based	 on	
ripeness	stage.

Sugiyama	et	al. (1994)	verified	that	the	impact	waves	of	acoustic	signals	produced	
by	impacts	were	transmitted	at	the	equatorial	zone	of	the	fruit	at	uniform	velocity.	
Considering	that	information,	they	proposed	firmness	indices,	and	a	correlation	with	
a	value	of	0.823	between	propagation	velocity	of	 the	acoustic	signal	produced	by	
impact	and	flesh	firmness	was	found.	They	also	concluded	that	transmission	velocity	
decreases	with	increases	in	maturity	stage.

Harker	et	al.	(2002)	studied	various	instrumental	tests	in	order	to	determine	which	
were	more	intensely	correlated	with	sensory	measurements,	and	then	to	identify	the	
minimum	instrumental	difference	that	was	required	before	a	trained	sensory	panel-
ist	could	detect	a	difference	in	apple	texture.	Instrumental	tests	included	a	nonde-
structive	test	based	on	impact	responses	of	fruit	(SoftSense)	as	well	as	the	recording	
of	 chewing	 sounds,	 sensory	 panelists,	 and	 other	 instrumental	 tests	 such	 as	 punc-
ture,	tensile,	twist,	and	Kramer	shear	tests.	SoftSense	is	an	instrument	developed	to	
nondestructively	 measure	firmness	using	 impact	 response	 analysis	 (McGlone	 and	
Schaare,	1993).	The	general	principle	of	impact	response	is	well	established,	because	
fruit	bounces	differently	depending	on	firmness.	In	this	study,	fruits	were	dropped	
10	mm	onto	the	SoftSense	load	cell	before	making	any	measurement	of	destruction.	
The	resulting	impact	response	was	characterized	by	the	contact	with	the	load	cell.	
The	three	instrumental	tests	that	more	accurately	predicted	a	sensory	response	were	
puncture,	twist,	and	chewing	sounds.

Subsequent	 work	 was	 done	 by	 Grotte	 et	 al,	 (2002)	 using	 three	 different	 mea-
surement	 methods,	 falling	 impact,	 the	 resonance	 impulse	 method,	 and	 puncture	
test,	in	order	to	determine	some	mechanical	properties	of	Golden	Delicious	apples.	
The	assumption	of	Hertz’s	theory	modified	by	Kosma	and	Cunningham	(1962)	for	
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impact	between	two	elastic	bodies	permitted	the	calculation	of	Young’s	modulus	E,	
Poisson’s	ratio	ν,	and	Lame’s	coefficients	µ	and	λ	from	elasticity	coefficients	mea-
sured	by	puncture	test	and	acoustic	impulse	method	was	assumed	by	that	research	
team.	 Young’s	 modulus	 and	 Lame’s	 coefficients	 decreased	 with	 storage	 time	 and	
with	 the	degree	of	 fruit	 ripeness.	Poisson’s	 ratio	 increased	differently	during	 rip-
ening.	 At	 the	 beginning	 of	 storage,	 increases	 in	 Poisson’s	 ratio	 are	 linked	 to	 the	
decrease	of	percent	contribution	of	the	flesh	to	the	overall	firmness.	The	relationship	
between	Young’s	modulus	and	Lame’s	coefficient	m	is	linear.

Another	 interesting	practical	approach	 is	 to	develop	nondestructive	methods	 to	
increase	 the	sample	number.	Valero	et	al.	 (2003)	 tried	nondestructive	methods	on	
peaches,	 nectarines,	 and	 plums.	 A	 commercial	 nondestructive	 impact	 sensor	 (the	
Sinclair	Internal	Quality	Firmness	Tester;	SIQ-FT,	Sinclair	Systems	International,	
LLC,	Fresno,	CA)	was	used	to	measure	firmness	of	the	samples,	and	their	relation	
with	 the	 standard	penetrometer	was	studied.	The	SIQ-FT	pneumatically	operated	
sensor	has	a	head	equipped	with	a	piezoceramic	generator,	which	is	pushed	out	of	the	
bellow’s	end	each	time	the	device	hits	a	fruit	sample.	The	electronic	sensor	is	capable	
of	converting	force	to	voltage.	The	resultant	voltage	signal	depends	on	fruit	firmness.	
The	voltage	signal	passed	through	an	analog-to-digital	converter	interfaced	to	a	per-
sonal	computer	and	was	processed	by	software	(Sinclair	IQ	version	PIQ01-v2.18.01)	
to	 return	a	measure	of	 fruit	firmness	as	 a	number	 indexed	 from	0–100	 (arbitrary	
units)—the	Sinclair	firmness	index	(SFI).	Softer	fruits	are	assigned	lower	index	val-
ues	than	firmer	fruit.	The	University	of	California,	Davis	fruit	firmness	tester	(UCF)	
is	a	hand-driven	press	(Western	Industrial	Supply	Co.,	San	Francisco,	CA)	equipped	
with	an	Ametek	penetrometer	(Ametek,	Hatfield,	PA)	and	a	7.9-mm	diameter	tip.

Although	scientific	studies	are	necessary,	results	obtained	with	nectarine,	peach,	
and	plums	allow	the	conclusion	that	SIQ-FT	is	less	sensitive	to	very	soft	fruits	and	
more	adequate	to	evaluate	firmer	fruits.	For	UCF	values	below	5	N,	a	range	of	SFI	
measurements	between	5	and	15	was	obtained	for	nectarines	and	peaches.	The	range	
for	plums	was	between	0	and	7.	It	was	also	noticeable	that	correlation	coefficients	
were	high	for	the	relationship	between	penetrometer	and	Sinclair	in	all	cases	studied.	
The	creation	of	good	estimative	models	was	possible.

2.3.3  texture profiLe anaLYSiS

It	is	an	enormous	challenge	to	perform	practical	tests	that	depend	on	the	rheological	
behavior	of	food	materials	while	correlating	mechanical	parameters	of	 texture	with	
sensory	methods	of	texture	evaluation.	Despite	this,	the	use	of	texturometers	or	Inston	
Universal	Testing	Machines	allows	the	performance	of	a	large	range	of	tests	related	to	
the	rheological	properties	of	foods.	A	possible	definition	of	food	texture,	proposed	by	
Lawless	and	Heyman	(1998),	cited	by	Foedingen	et	al.	(2011),	is	“all	the	rheological	
and	structural	(geometric	and	surface)	attributes	of	the	product	perceptible	by	means	
of	mechanical,	tactile,	and,	where	appropriate,	visual	and	auditory	receptors.”

In	the	1960s,	some	researchers	began	to	publish	scientific	documents	about	food	
texture.	It	was	an	innovative	approach	to	apply	methods	and	definitions	used	in	clas-
sical	laboratories,	factories,	orchards,	and	markets,	and	make	them	accessible	to	a	
large	number	of	professionals	and	technicians.	However,	that	popularization,	as	well	
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as	the	use	of	texture	as	a	sensory	concept,	caused	a	a	number	of	miscellaneous	sen-
sory	and	rheological/mechanical	definitions.

In	 1963,	 Friedman	 et	 al.	 published	 some	 important	 studies	 on	 the	 use	 of	 the	
General	Foods	Texturometer	 that	approached	the	simulated	mechanical	studies	of	
textural	characteristics	of	foods.	Bourne	(1978)	used	texture	profile	analysis	(TPA)	
by	uniaxial	compression	of	food.

The	main	goal	of	 these	 textural	 and	 rheological	 tests,	 called	 imitative	 tests,	 is	
not	 to	 improve	 knowledge	 of	 fundamental	 rheological	 properties,	 but	 to	 measure	
physical	properties	as	well	as	to	understand	the	relations	of	these	properties	with	a	
dynamic	perception	of	 texture.	Nowadays,	 the	most	commonly	used	 instrumental	
method	is	probably	the	compression	method	of	TPA.	This	analysis	mimics	the	condi-
tions	of	the	mastication	process	(Foegedinga	et	al.,	2003).

Today,	 the	need	for	standardized	methods	 that	permit	measurement	of	 textural	
parameters	 and	 correlation	 of	 them	 with	 sensory	 classification	 is	 still	 necessary.	
Many	fundamental	publications	should	be	reread	in	order	to	improve	adequate	and	
correct	use	of	texture	profiling	methods.

The	performance	of	TPA	should	be	still	considered	a	new	approach	to	studying	
food	texture.	This	instrumental	method,	texture	profiling,	consists	of	compressing	
the	 test	 material	 twice	 and	 quantifying	 the	 mechanical	 parameters	 using	 force–
deformation	curves.

One	of	the	advantages	of	using	this	method	is	the	possibility	of	getting	intense	cor-
relations	between	some	instrumental	parameters	and	sensory	ratings,	as	can	be	noted	
in	several	works	subsequently	described	for	cheeses	and	meat	(Szczesniak,	2002).

2.3.3.1  TPA Performance
Proof	of	the	real	need	for	this	test	is	the	large	amount	of	work	done	using	TPA	tests	
through	the	years,	with	diverse	food	materials,	from	cheese	to	meat.

Jack	 et	 al.	 (1993)	 concluded	 that	 firmness	 and	 springiness	 were	 highly	 corre-
lated	with	sensorial	evaluation.	Studying	the	effect	of	fat	reduction	on	the	texture	
of	Cheddar	cheese,	Bryant	et	al.	 (1995)	concluded	that	hardness,	springiness,	and	
adhesiveness	in	instrumental	texture	analysis	were	intensely	correlated	with	sensory	
texture	data	for	the	same	attributes.

Meullenet	et	al.	(1998)	also	studied	the	correlation	between	sensory	texture	data	
and	instrumental	texture	using	twenty-one	different	food	samples,	including	cheese.	
They	found	high	linear	correlations	of	sensory	data	with	hardness	and	springiness.

Drake	 et	 al.	 (1999a)	 studied	 nine	 commercial	 and	 six	 processed	 experimental	
cheeses	and	concluded	that	the	sensory	term	firmness	was	highly	correlated	to	the	
instrumental	term	hardness.

Breuil	and	Muellenet	(2001)	worked	with	twenty-nine	different	cheese	samples	
and	 performed	 three	 different	 instrumental	 analyses:	 uniaxial	 compression	 (as	 a	
control),	 needle	 puncture,	 and	 cone	 penetration.	 They	 found	 satisfactory	 correla-
tions	 between	 instrumental	 and	 sensory	 attributes,	 mainly	 hardness,	 springiness,	
and	cohesiveness	of	mass.	They	concluded	that	in	order	to	optimize	the	prediction	of	
sensory	attributes,	a	combination	of	instrumental	methods	should	be	used.

Adhikari	 et	 al.	 (2003)	 studied	 the	 textural	 differences	 between	 low-fat,	 full-fat,	
and	smoked	Cheddar,	Gouda,	and	Swiss	cheeses	by	sensory	and	instrumental	texture	
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analysis.	They	also	tried	to	correlate	the	sensory	texture	attributes	with	the	instrumental	
texture	parameters.	They	found	a	correlation	between	the	sensory	and	the	instrumental	
texture	data	 sets.	Hardness1	and	hardness2	 (instrumental	parameters)	were	positively	
correlated	to	sensory	texture	attributes	such	as	dry,	hardness,	and	crumbly.	These	sen-
sory	attributes	can	be	used	to	describe	cheese	varieties	that	are	perceived	as	hard	during	
mastication.

Foegedinga	et	al.	(2003)	affirmed	that	to	understand	the	molecular	basis	of	tex-
ture,	fundamental	tests	are	required.	They	reported	that	resilience	is	highly	corre-
lated	with	rheological	properties,	while	adhesiveness	and	cohesiveness	of	cheese	are	
weakly	correlated	with	rheological	parameters.	In	spite	of	all	these	works	done	in	the	
1990s,	recently	Joshi	et	al.	(2004)	presented	a	work	that	allows	comparison	among	
different	rheological	approaches.	Differently	processed	Cheddar	cheeses	were	eval-
uated	 using	 instrumental	 TPA,	 stress	 relaxation	 characteristics,	 and	 viscoelastic	
characteristics	(elastic	modulus-G'	and	viscous	modulus-G").	Results	indicated	that	
the	methods	of	instrumental	texture	and	rheology	evaluation	had	common	outcomes	
for	hardness	and	viscoelasticity	of	cheeses.	Results	of	 stress	 relaxation	 tests	were	
more	useful	in	differentiating	the	cheese	characteristics	as	compared	to	the	results	of	
instrumental	TPA	and	dynamic	rheology	tests.

It	 is	 important	 to	understand	and	measure	meat	 texture,	 from	a	practical	point	
of	view,	in	order	to	control	quality.	This	goal	improved	the	research	on	rheological	
methods	with	good	results.	In	spite	of	the	inexistence	of	standardized	methods,	a	dif-
ficult	task	to	describe	and	compare	meat	texture	has	been	developed.	At	1996	a	group	
supported	by	the	Organization	for	Economic	Cooperation	and	Development	(OECD),	
was	asked	 to	study	and	standardize	methods,	based	on	 rheological	knowledge,	 to	
measure	texture.	Honikel	presented	different	rheological	methods:	the	penetrometer	
measurement	 that	 resembles	 the	process	of	mastication,	 the	first	bite	between	 the	
teeth,	and	which	measurements	can	be	related	to	sensorial	evaluation.	However,	it	
is	not	clear	which	structural	properties	of	 the	meat	are	evaluated.	Honikel	 (1997)	
proposed	a	procedure	using	a	cylindrical	flat-ended	plunger	(diameter	1.13	cm,	area	
=	1	cm*)	that	is	driven	vertically	80%	of	the	way	through	a	1-cm-thick	meat	sample	
cut	 so	 that	 the	fiber	axis	 is	perpendicular	 to	 the	direction	of	 the	penetration.	The	
plunger	is	driven	(100	mm	per	min)	twice	into	the	meat	at	each	location	and	the	work	
and	force	deformation	curves	are	recorded.	The	parameters	that	should	be	recorded	
are:	hardness	 as	 the	maximal	 force	 for	first	deformation	 (N);	 cohesiveness	 as	 the	
ratio	of	work	done	during	the	second	penetration,	relative	to	the	first;	gumminess	as	
hardness	×	cohesiveness;	other	parameters	can	also	be	defined.	However,	the	author	
strongly	recommended	that	the	methods	for	determining	tenderness	should	be	vali-
dated	against	sensory	panels.	The	ideal	of	a	single	measurement	to	accurately	predict	
consumer	perceptions	under	all	conditions	may	not	be	achievable.

The	compression	parameters	obtained	with	TPA	have	been	used	by	many	authors	
in	 their	 evaluations	 of	 meat	 products	 to	 determine	 the	 quality	 of	 the	 product,	 to	
select	adequate	functional	ingredients,	and	to	study	new	techniques.	Herrero	et	al.	
(2007)	performed	TPA,	physicochemical	measurements	(pH,	aw,	dry	matter,	fat	con-
tent),	and	breaking	strength	by	tensile	test	to	study	fermented	sausages.	The	results	
obtained	allowed	these	meat	products	to	be	grouped	according	to	four	different	tex-
tural	profiles.	These	profiles	were	characterized	(p	<	0.05)	by	the	values	of	breaking	
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strength	(BS),	hardness,	adhesiveness,	cohesiveness,	and	springiness.	Multivariate	
analysis	confirmed	that	BS	and	TPA	parameters	were	correlated	significantly	(p	<	
0.00005).	Based	on	these	results,	TPA	parameters	could	be	used	to	construct	regres-
sion	models	to	predict	BS,	and	therefore	to	obtain	a	more	complete	textural	property	
description	of	dry	fermented	sausages.

Rubio	et	al.	(2007)	studied	the	microbiological,	physicochemical	and	sensory	proper-
ties	of	salchichon	with	high	unsaturated	fat	content,	packed	under	vacuum	and	20/80%	
CO2/N2	modified	atmosphere,	 in	order	 to	evaluate	 its	quality	changes	during	storage	
under	refrigeration.	Instrumental	TPA	was	performed;	the	parameters	determined	from	
the	force–time	curves	were	hardness,	springiness,	cohesiveness,	and	chewiness.

Yang	 et	 al.	 (2007)	 investigated	 new	 prepared	 formulas	 of	 low-fat	 sausages	 with	
added	hydrated	oatmeal	or	tofu	as	texture-modifying	agents	at	three	different	levels	of	
10%,	15%,	and	25%	(w/w).	They	tried	to	determine	the	effects	of	the	type	and	level	of	
texture-modifying	agents	on	the	physical	and	sensory	properties	of	low-fat	sausages.	
TPA	was	one	of	the	tests	performed,	and	from	the	resulting	force–deformation	curves,	
the	textural	parameters	of	hardness,	cohesiveness,	springiness,	gumminess,	and	chewi-
ness	were	calculated.	The	influence	of	texture-modifying	agents	on	hardness	associated	
with	the	water	binding	property	of	the	agents	is	complicated	and	remains	in	dispute.

Wang	et	al.	(2009)	also	performed	TPA	to	study	the	effects	of	phosphate	level	on	
water-holding	capacity	and	texture	of	emulsion-type	sausage	during	storage.

Spaziani	 at	 al.	 (2009)	 investigated	 low-acid	 sausages	 in	 order	 to	 characterize	
their	 physicochemical,	 microbiological,	 and	 textural	 properties	 during	 ripening.	
Texture	profile	analysis	was	performed	and	once	more	the	determined	parameters	
were:	hardness	(kg;	the	peak	force	during	the	first	compression	cycle),	cohesiveness	
(dimensionless;	ratio	of	the	positive	force	area	during	the	second	compression	to	that	
during	 the	first	compression	excluding	 the	areas	under	 the	decompression	portion	
of	each	cycle),	adhesiveness	(J;	the	negative	force	area	after	the	first	compression).	
These	 traditional	 low-acid	sausages	could	be	considered	more	 like	dried	sausages	
than	fermented	sausages	and	they	are	easily	distinguishable	by	sensory	analysis	and	
characterized	by	textural	parameters	showing	low	hardness	and	cohesiveness.

2.4  VISCOSITY

2.4.1  definition

The	viscosity	of	fluid	food	is	an	important	property,	which	has	many	applications	in	
food	technology,	such	as	developing	food	processes,	the	control	of	products,	quality	
evaluation,	and	an	understanding	of	 the	structure	of	 food	(Alvarado	and	Romero,	
1989,	Walker	and	Prescott,	2000).

2.4.2   fLuid Behavior in SteadY Shear fLow: 
newtonian and non-newtonian fLuidS

Viscosity	of	a	fluid	is	the	internal	resistance	to	flow	when	a	shear	force	is	applied.	
According	 to	 flow	 behavior,	 fluids	 can	 be	 classified	 into	 two	 main	 groups:	 the	
Newtonian	 and	 non-Newtonian	 fluids.	 When	 the	 viscosity	 of	 a	 liquid	 remains	
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constant	 and	 is	 independent	 of	 the	 applied	 shear	 stress,	 the	 liquid	 is	 termed	 a	
Newtonian liquid.	 In	 this	 type	of	 fluid,	 the	 relationship	between	 shear	 stress	 and	
shear	rate	is	a	straight	line	(Figure 2.5).

A	non-Newtonian fluid	is	defined	as	one	for	which	the	relationship	between	shear	
stress	and	shear	rate	is	not	a	constant.	The	viscosity	of	such	fluids	depends	on	the	
applied	shear	force	and	time.	In	this	case,	 the	experimental	parameters	used	(vis-
cometer	model,	spindle,	and	speed)	have	an	effect	on	the	measured	viscosity	of	a	
non-Newtonian	fluid.	This	viscosity	is	called	the	apparent viscosity	of	the	fluid	and	
is	accurate	only	when	experimental	parameters	are	known.

Non-Newtonian	 flow	 can	 be	 explained	 by	 thinking	 of	 any	 fluid	 as	 a	 mixture	
of	molecules	with	different	 shapes	 and	 sizes.	As	 they	pass	by	 each	other,	 during	
flow,	their	size,	shape,	and	cohesiveness	will	determine	how	much	force	is	required	
to	move	 them.	At	each	specific	 rate	of	shear,	 the	alignment	may	be	different	and	
more	or	less	force	may	be	required	to	maintain	motion.	There	are	several	types	of	
non-Newtonian	flow	behavior,	characterized	by	changes	 in	 the	fluid’s	viscosity	 in	
response	to	variations	in	shear	rate.	The	most	common	types	of	non-Newtonian	flow	
behaviors	include:	shear-thinning,	shear thickening,	and	plastic.

Fluids	with	 a	 shear-thinning	 behavior	will	 display	a	decreasing	viscosity	with	
an	increasing	shear	rate,	as	shown	in	the	Figure 2.5.	The	breakdown	of	structural	
units	in	a	food	due	to	the	hydrodynamic	forces	generated	during	shear	is	the	main	
reason	for	this	flow	behavior	(Rao,	2007).	The	most	common	of	the	non-Newtonian	
fluids,	shear-thinning	behavior	is	exhibited	for	many	foods,	including	salad	dressings	
and	some	concentrated	fruit	juices.	This	type	of	flow	behavior	is	sometimes	called	
pseudoplastic.	Increasing	viscosity	with	an	increase	in	shear	rate	characterizes	the	
shear-thickening,	also	called	dilatant	fluid.	The	shear-thickening	behavior	presents	
a	flow	curve	concave	downward,	representing	that	an	increasing	shear	stress	gives	
a	 less	 than	proportional	 increase	 in	shear	rate.	This	behavior	should	be	due	 to	an	
increase	in	the	size	of	the	structural	units	as	a	result	of	shear	(Rao,	2007).	Although	
rarer	than	shear-thinning,	shear-thickening	behavior	is	frequently	observed	in	fluids	
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containing	high	levels	of	deflocculated	solids,	such	as	corn	starch	in	water,	and	par-
tially	gelatinized	starch	dispersions.

The	plastic	fluid	will	behave	as	a	solid	under	static	conditions.	A	certain	amount	
of	force	must	be	applied	to	the	fluid	before	any	flow	is	induced;	this	force	is	called	the	
yield stress.	Once	the	yield	value	is	exceeded	and	flow	begins,	plastic	fluids	may	dis-
play	Newtonian	(called	Bingham	plastic	model),	shear-thinning,	or	shear-thickening	
flow	characteristics.	Shear-thinning	behavior	with	yield	stress	is	exhibited	by	foods	
such	as	tomato	concentrates,	tomato	ketchup,	mustard,	and	mayonnaise.

Some	fluids	will	display	a	change	in	viscosity	with	time	under	conditions	of	con-
stant	shear	rate.	There	are	two	categories	to	consider: thixotropic	and	rheopectic.	A	
thixotropic	fluid	undergoes	a	decrease	in	viscosity	with	time,	while	it	is	subjected	to	
constant	shearing.	The	time	element	is	extremely	variable;	under	conditions	of	con-
stant	shear,	some	fluids	will	reach	their	final	viscosity	value	in	a	few	seconds,	while	
others	may	take	up	to	several	days.

When	subjected	to	varying	rates	of	shear,	a	thixotropic	fluid	will	react	as	illus-
trated	in	Figure 2.6.	A	plot	of	shear	stress	versus	shear	rate	was	made	as	the	shear	
rate	was	 increased	 to	 a	 certain	value,	 then	 immediately	decreased	 to	 the	 starting	
point.	This	hysteresis loop	 is	 caused	by	 the	decrease	 in	 the	fluid’s	 viscosity	with	
increasing	time	of	shearing.	Such	effects	may	or	may	not	be	reversible;	some	thixo-
tropic	 fluids,	 if	 allowed	 to	 stand	 undisturbed	 for	 a	 while,	 will	 regain	 their	 initial	
viscosity,	while	others	never	will.

Most	of	the	foods	with	thixotropic	behavior	are	heterogeneous	systems	contain-
ing	a	dispersed	phase.	At	 rest,	 the	particles	or	molecules	 in	 the	 food	are	 linked	
together	by	weak	forces,	but	when	the	hydrodynamic	forces	during	shear	are	suf-
ficiently	 high,	 the	 interparticle	 linkages	 are	 broken,	 resulting	 in	 a	 reduction	 in	
the	size	of	the	structural	particles	that	offer	lower	resistance	to	flow	during	shear	
(Mewis,	1979).	Thixotropy	is	frequently	observed	in	foods	such	as	salad	dressings	
and	soft	cheeses.	Rheopexy	is	essentially	the	opposite	of	thixotropic	behavior,	in	
that	 the	 fluid’s	 viscosity	 increases	 with	 time	 as	 it	 is	 sheared	 at	 a	 constant	 rate.	
Rheopectic	fluids	are	rarely	encountered.
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Viscosity	measurement	has	emerged	as	an	integral	and	necessary	component	of	
many	 quality	 control	 procedures	 in	 food	 processing.	 The	 study	 of	 the	 Newtonian	
and	non-Newtonian	flow	behavior	of	foods	requires	considerable	care	and	adequate	
instrumentation.	Viscosity	of	a	fluid	can	be	measured	by	a	number	of	approaches	and	
methods.	Rotational,	vibrational,	and	tube	viscometers	are	the	more	common	types	
of	traditional	measuring	techniques	based	upon	controlled	deformation	of	the	sample.

2.4.3  Current MeaSuring teChniqueS

2.4.3.1  Rotational Viscometers
Rotational	viscometers	may	be	operated	in	the	steady	or	oscillatory	mode.	A	spindle	
(cylinder,	cone,	or	plate)	is	rotated	continuously	in	a	liquid	and	the	torque	required	
to	 rotate	 the	 spindle	at	 this	 rate	 is	measured.	Therefore,	only	 two	parameters	are	
measured,	 the	 torque	and	angular	velocity	on	 the	 rotating	spindle.	Shear	stress	 is	
calculated	from	the	torque,	and	shear	rate	from	the	angular	velocity.	Viscosity	is	the	
relation	between	shear	stress	on	the	surface	of	the	turning	cylinder	and	shear	rate.

In	rotational	methods,	the	test	fluid	is	continuously	sheared	between	two	surfaces,	
one	or	both	of	which	are	rotating.	These	devices	have	the	advantage	of	being	able	
to	 shear	 the	 sample	 for	 an	unlimited	period	of	 time,	under	 controlled	 rheometric	
conditions.	Rotational	methods	can	also	 incorporate	oscillatory	and	normal	stress	
tests	for	viscoelastic	properties	characterization.	In	general,	rotational	methods	are	
better	suited	for	the	measurement	of	concentrated	suspensions,	gels,	and	pastes,	but	
are	generally	less	precise	as	compared	to	capillary	methods.

Rotational	measurements	fall	into	one	of	two	categories:	stress	or	rate	controlled.	
In	stress-controlled	measurements,	a	constant	torque	is	applied	to	the	measuring	tool	
in	order	 to	generate	 rotation,	and	 the	 resulting	 rotation	speed	 is	 then	determined.	
In	 rate-controlled	measurements,	 a	 constant	 rotation	 speed	 is	maintained	and	 the	
resulting	torque	generated	by	the	sample	is	determined	using	a	suitable	stress-sens-
ing	device.	Some	commercial	instruments	have	the	capability	of	operating	in	both	
modes:	stress	or	rate	controlled.	Rotational	systems	are	generally	used	to	investigate	
time-dependent	behavior.

2.4.3.2  Vibrating Viscometers
Vibrational	viscometers	are	the	most	common	instruments	for	process	control	sys-
tems	(Steffe,	1996).	Simplicity	of	probe	design	makes	the	technique	attractive	for	
process	engineers;	they	are	robust,	easy	to	clean	in	place,	and	have	the	added	advan-
tage	of	no	moving	parts	(Cullen	et	al.,	2000).	Vibrational	viscometers	are	consid-
ered	surface-loaded	systems,	responding	to	a	thin	layer	of	fluid	that	surrounds	the	
oscillating	probe.	Measurement	depends	on	the	surrounding	fluid	dampening	probe	
vibration,	in	proportion	to	its	viscosity	and	density	(Cullen	et	al.,	2000).	An	advan-
tage	 of	 vibration	 viscometry	 over	 rotational	 is	 that	 it	 may	 be	 employed	 in	 high-
pressure	 applications,	 such	 as	 spray	 drying.	 Shear	 rate,	 however,	 is	 undefined	 as	
it	is	not	only	a	function	of	instrument	parameters	(i.e.,	probe	geometry,	frequency	
and	amplitude	of	oscillation),	but	also	fluid	parameters	(i.e.,	density	and	viscosity)	
(Cullen	et	al.,	2000).
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2.4.3.3  Tube Viscometers
A	tube	viscometer	consists	in	a	cylinder	where	a	fluid	flows,	based	in	pressure	dif-
ference	established.	This	method	is	based	on	measuring	the	time	that	a	determinate	
amount	of	fluid	takes	to	flow	through	a	capillary	of	known	diameter	and	length.	The	
length-to-diameter	ratio	may	range	from	2	to	400,	but	is	typically	on	the	order	of	
100.	Raw	data	for	tube	or	capillary	viscometers	are	pressure	drop	and	volumetric	
flow	rate.	Their	construction	is	simple,	flow	is	continuous,	and	sample-holding	time	
can	be	very	short	(Cullen	et	al.,	2000).

2.4.4  noveL MeaSuring teChniqueS

2.4.4.1  Tomographic Velocity Profiling
Numerous	tomographic	techniques	are	available	or	emerging,	based	upon	determin-
ing	the	velocity	profile	at	a	specified	cross	section	of	a	pipe	and	the	corresponding	
pressure	drop	over	a	known	length.	Shear	rate	information	may	be	determined	by	
differentiating	velocity	values	as	a	function	of	position,	ranging	from	zero	at	the	tube	
center	to	a	maximum	at	the	tube	wall	(Cullen	et	al.,	2000).

Shear	stress	data	 is	determined	from	auxiliary	pressure	drop	and	conservation	
of	linear	momentum	(tube	viscometry).	In	contrast	to	conventional	tube	viscometry,	
which	depends	on	volumetric	formulas	to	determine	one	viscosity	data	point	from	
a	single	pressure	drop,	 tomographic	viscometry	provides	multiple	shear	viscosity/
shear	rate	data	points	from	one	combined	viscosity	profile/pressure	drop	measure-
ment	(Arola	et	al.,	1998).	Advantages	of	these	techniques	include	their	noninvasive	
and	nondestructive	mode	of	operation	along	with	determination	of	rheological	model	
parameters	(shear	viscosity,	yield	stress,	slip	velocity)	on-line	or	in-line	(Cullen	et	
al.,	2000).

2.4.4.2  Ultrasonic Doppler Velocimetry (UDV)
UDV	 has	 proven	 to	 be	 an	 effective	 tool	 for	 on-line	 viscosity	 determination	 of	
Newtonian,	 non-Newtonian,	 and	 multiphase	 opaque	 foods	 (Cullen	 et	 al.,	 2000).	
Rheological	analysis	of	flow	processes	in	real	time	on	an	industrial	scale	has	been	
evaluated	 for	 crystallization	 processes:	 concentrated	 chocolate	 (Windhab	 et	 al.,	
1996)	and	fat	suspensions	(Ouriev	et	al.,	2000).	This	technique,	teamed	with	a	slit	
rheometer,	was	 reported	by	Ouriev	 (2000)	 to	be	employed	 in	an	 industrial	dough	
extrusion	process.	The	 technique	may	also	be	extended	 to	determine	flow	behav-
ior,	which	affects	rheological	measurements	(slip	velocity)	and	more	complex	rheo-
logical	behavior	such	as	viscoelasticity,	extensional	viscosity	(McCarthy,	2000)	and	
yield	 stress	 (Ouriev,	 2000).	The	 response	 time	 for	UDV	 is	 fast,	 on	 the	order	 one	
second	or	less.

2.4.4.3  Ultrasonic Reflectance Sensor
Ultrasonic	sensors	have	been	used	for	process	monitoring	of	viscosity	measurement	
in	 real	 time.	Ultrasonic	 sensors	are	based	upon	 reflectance	at	 the	 liquid	 interface	
rather	than	transmittance	through	the	liquid.	A	density	and	viscosity	sensor	employ-
ing	longitudinal	and	shear	ultrasonic	reflectance	was	applied	to	measure	the	viscosity	
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of	water-based	 solutions	 and	 slurries	displaying	potential	 for	many	 food	products	
(Greenwood	et	al.,	1999).	Reported	advantages	of	the	technique	include	robustness	
and	nonsensitivity	to	flow	rate,	entrained	air,	or	vibrations.	Using	a	similar	in-line	
technique,	Saggin	(2000)	found	shear	reflectance	as	a	sensitive	measurement	of	oil	
viscosity	and	both	shear	and	longitudinal	reflectance	as	a	measure	of	solid	content	
of	lipids.

2.4.4.4  Mass-Detecting Capillary Viscometer
Shin	and	Keum	(2003)	studied	the	application	of	a	newly	designed	mass-detecting	
capillary	viscometer	 (MDCV)	 to	measure	 the	 rheological	 characteristics	of	dairy	
food	continuously	over	a	range	of	shear	rates	by	single	measurement	of	liquid–mass	
variation	with	time.	The	instrument	consists	of	a	pipette	pump,	falling	tube,	glass	
capillary	 tube,	 glass	 adapter,	 receptacle,	 load	 cell,	 and	 computer	 data	 acquisition	
system.	The	essential	feature	in	an	MDCV	is	the	use	of	a	precision	mass	balance	
to	 measure	 the	 fluid	 collected	 in	 the	 receptacle,	 m(t),	 every	 0.05	 s	 with	 a	 resolu-
tion	 of	 0.01	 g.	 According	 to	 the	 authors,	 this	 new	 viscometer	 presents	 important	
advantages	when	compared	with	established	viscosity	measurement	techniques	with	
a	RotoVisco,	such	as	simplicity	(i.e.,	ease	of	operation	and	no	moving	parts)	and	the	
ability	to	make	accurate	measurements	over	a	relatively	broad	shear	rate	range	(Shin	
and	Keum,	2003).

2.4.5   viSCoSitY MeaSuring appLied to fLuid foodS 
SuBMitted to high preSSure

High-pressure	processing	(HPP)	has	been	steadily	gaining	popularity	over	the	past	
fifteen	years	since	it	can	inactivate	pathogenic	microorganisms	with	minimal	heat	
treatment	and	offers	good	retention	of	nutritional	and	sensory	(color	and	flavor)	char-
acteristics	(Mertens	and	Deplace,	1993;	Mozhaev	et	al.,	1994;	Tedford	et	al.,	1998).	
HPP	is	well	known	to	affect	the	conformation	of	macromolecules	within	foods	such	
as	 proteins	 (Cheftel	 and	 Culioli,	 1997).	 Covalent	 bonds	 within	 food	 constituents	
are	less	affected	than	weaker	interactions	such	as	hydrogen	bonds,	van	der	Waals	
forces,	and	hydrophobic	bonds.	This	situation	results	in	the	retention	of	food	qual-
ity	attributes	 including	vitamins,	pigments,	and	flavor	components	 (Indrawati	and	
Hendrickx,	 2002).	 HPP	 influences	 the	 viscosity	 of	 fluids,	 and	 in	 particular,	 oils.	
Oils	 and	 lipids	are	 related	 to	 the	organoleptic	properties	of	many	 foods	 in	which	
mouthfeel	is	an	important	attribute	that	relates	to	viscosity.	It	is	important	to	have	an	
understanding	of	the	nature	of	viscosity	at	high	pressure	since	it	has	an	expressive	
influence	in	terms	of	plant	design,	quality	control	of	both	raw	material	and	product	
at	different	stages	of	the	process,	evaluation	of	sensory	attributes,	and	assessment	of	
food	structure	and	molecular	conformation	(McKenna	and	Lyng,	2001).

Schaschke	et	al.	(2006)	reported	the	measurement	of	the	viscosity	of	olive	oil	at	high	
pressure	using	a	falling	sinker–type	viscometer.	The	design	of	the	viscometer	relies	
on	a	close-fitting	self-centering	sinker	enclosed	within	a	vertical	tube	maintained	at	a	
controlled	temperature	in	which	gravity	was	used	as	the	applied	force.	The	viscometer	
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consists	of	a	vertical	tube	through	which	the	sinker	falls.	Samples	of	oils	are	sealed	
into	the	tube	using	a	shrinkable	polytetrafluoroethylene	(PTFE)	expansion	sheath.

Kiełczyński	 et	 al.	 (2008)	 studied	 a	 new	 method	 for	 measuring	 the	 viscosity	
of	 liquids	 at	 high	 pressure.	 The	 authors	 used	 an	 ultrasonic	 method	 involving	 the	
Bleustein-Gulyaev	(BG)	surface	acoustic	wave.	According	to	the	authors,	the	change	
in	the	complex	propagation	constant	of	the	BG	wave	produced	by	the	layer	of	liquid	
loading	the	waveguide	surface	is	proportional	to	the	shear	mechanical	impedance	of	
the	liquid.	With	this	new	method	it	is	also	possible	to	measure	the	viscosity	of	liquids	
during	the	phase	transition	and	during	the	decompression	process.
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3.1  INTRODUCTION

Acceptance	of	foods	is	far	more	dependent	on	sensory	quality	than	on	nutritional	
quality.	 The	 texture	 of	 an	 edible	 material	 is	 defined	 by	 the	 British	 Standards	
Institution	as	the	attribute	of	a	substance	resulting	from	a	combination	of	physical	
properties	perceived	by	the	senses	of	touch	(including	kinesthesia	and	mouthfeel),	
sight,	and	hearing.	Texture	was	defined	by	Szczesniak	(1963)	as	“the	sensory	mani-
festation	of	the	structure	of	the	food	and	the	manner	in	which	the	structure	reacts	to	
the	applied	forces,	the	specific	sense	involved	being	vision,	kinaesthesia,	and	hear-
ing.”	It	is	mainly	a	physical	attribute	and	for	many	vegetables,	texture	seems	to	be	
a	primary	quality	attribute	(Lapsley,	1989).	Texture	perception	is	a	highly	dynamic	
process	because	the	physical	properties	of	food	change	continuously	when	they	are	
manipulated	in	the	mouth.

The	need	to	characterize	the	global	quality	of	foods,	 including	not	only	flavor,	
size,	 shape,	and	color,	but	also	 the	whole	of	 the	characteristics	perceived	by	con-
sumers	has	made	it	necessary	to	recognize	texture	as	an	important	quality	attribute.	
Texture	can	be	defined	by	subjective	terms	such	as:	firmness,	crispness,	crunchiness,	
mealiness,	woolliness,	and	so	on.

The	texture	of	foods	has	been	traditionally	assessed	using	sensory	analysis,	but	
it	is	subjective,	costly,	time	consuming,	and	destructive.	During	recent	years,	much	
progress	has	been	made	in	developing	nondestructive	techniques	for	the	assessment	
of	the	texture	of	foods.	A	large	number	of	devices	and	techniques	have	been	devel-
oped	to	determine	the	firmness	of	foods;	most	of	the	tests	are	based	on	puncture,	
compression,	or	response	 to	shear	stress,	creep,	or	 impact,	but	sonic	or	ultrasonic	
vibration,	spectroscopy,	and	other	techniques	are	also	used	to	evaluate	the	textural	
characteristics	of	foods.

3.2   NOVEL MEASURING TECHNIQUES FOR 
TEXTURAL FEATURES OF FOODS

3.2.1  Novel TechNiques for firmNess measuremeNT

Firmness	is	one	of	the	most	important	features	characterizing	fruit	quality.	It	can	be	
used	to	determine	fruit	and	vegetable	quality	and	freshness,	to	choose	the	moment	
to	 collect	 horticultural	 products,	 and	 to	 evaluate	 their	 ability	 to	 be	 preserved.	 In	
postharvest	research,	one	of	the	main	concerns	is	how	to	preserve	the	quality	of	the	
product	so	that	it	fulfills	the	expectation	of	consumers.	For	most	foods,	firmness	is	
the	key	factor	in	deciding	whether	the	product	is	accepted	by	the	consumer,	in	view	
of	the	fact	that	it	is	related	to	the	maturity	of	the	product	and	it	can	be	an	indicator	
of	its	shelf	life.

The	 firmness	 of	 food	 is	 commonly	 measured	 using	 sensory	 or	 mechanical	
tests.	The	firmness	of	vegetables	is	measured	using	compression	or	puncture	tests.	
Cantwell	(2004)	reported	that	firm	enough	tomatoes	offered	a	resistance	of	at	least	
18	N	during	compression	 tests	and	Taherian	et	al.	 (2009)	 took	 the	 force-to-defor-
mation	ratio,	from	the	compression	test,	as	a	measure	of	the	firmness	of	pieces	of	
turnip	(Brassica napobrassica)	and	beet	root	(B. vulgaris L).	The	firmness	of	a	fruit	
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has	been	traditionally	estimated	in	a	destructive	manner	by	means	of	the	Magness	
Taylor	test.

In	this	test	a	cylindrical	plunger	with	a	standardized	diameter	is	driven	into	the	
fruit	over	a	well-defined	distance,	and	the	maximum	force	is	expressed	as	Magness-
Taylor	(MT)	firmness	(N).	The	penetrometer	test	simulates	the	mastication	of	fruit	
tissue	in	the	mouth,	and	the	rupture	properties	of	the	fruit	tissue.	It	is	a	destructive	
method	that	can	be	only	used	for	sampling	batches	of	fruit,	and	does	not	allow	for	
firmness-based	grading.

The	influence	of	firmness	on	food	quality	has	made	it	necessary	to	develop	novel	
nondestructive	techniques	to	evaluate	food	firmness	that	can	be	incorporated	into	the	
grading	 chains.	 These	 techniques	 can	 be	 based	 on	 nondestructive	 impact	 response,	
microdeformation,	 vibration	 measurements,	 near-infrared	 (NIR)	 spectroscopy,	 ultra-
sonic	 wave	 propagation,	 imaging	 analysis,	 and	 nuclear	 magnetic	 resonance	 (NMR)	
spectroscopy,	 time-resolved	 spectroscopy	 (TRS),	 and	 magnetic	 resonance	 imaging	
(MRI).

3.2.1.1  Nondestructive Impact-Based Measurements
There	 are	 two	 techniques	 based	 on	 impact	 measurements:	 dropping	 the	 fruit	 on	
a	 force	 transducer	 (Finney	 and	 Massic,	 1975;	 De	 Baerdemaeker	 et	 al.,	 1982)	 and	
impacting	the	fruit	with	a	sensing	element	(Jarén	and	García-Pardo,	2001).

Schaare	and	McGlone	(1997)	detected	kiwifruit	firmness	by	dropping	kiwifruits	
on	an	aluminum	and	rubber	pad	with	four	sensor	units	made	of	piezo	film	located	
under	the	pad.	They	achieved	a	good	sorting	efficiency	compared	to	hand	grading	
results.	Ragni	et	al.	 (2010)	used	a	conveyor	belt	 that	 throws	fruit	onto	a	flat	hori-
zontal	plate	connected	to	a	load	cell	for	measuring	the	flesh	firmness	of	kiwifruits.	
Using	the	Magness-Taylor	firmness	test	as	a	reference,	regression	models	were	devel-
oped	having	a	coefficient	of	determination	of	0.823.	The	impact	device	did	not	cause	
mechanical	damage	to	kiwifruits.

A	 sensor	 based	 on	 this	 technique	 has	 been	 patented	 by	 IVIA	 (the	 Valencian	
Institute	for	Agricultural	Research)	and	FOMENSA	Company.	It	has	been	used	to	
detect	puffed	clementines	on-line	at	a	speed	of	5	fruits	per	second	with	over	90%	
accuracy.	This	device	has	been	mounted	in	an	experimental	production	line	together	
with	a	NIR	sensor	to	sort	apples,	peaches,	and	nectarines	(Gutierrez	et	al.,	2003).

Mohsenin	 (1970)	 described	 a	 technique	 for	 measuring	 firmness	 that	 involved	
impacting	fruits	with	a	pendulum.	This	system	is	still	used	to	measure	damage	in	
tomatoes	(Desmet	et	al.,	2002).	There	are	many	ways	of	using	impact	sensors:	hitting	
the	fruit	with	elements	that	include	the	sensor,	putting	the	fruit	over	a	load	cell	and	
letting	a	weight	fall	on	 it,	placing	 the	fruit	on	a	flat	plate	with	a	 load	cell	 located	
beneath	it	(García-Ramos	et	al.,	2005).

Chen	et	al.	(1985)	developed	an	instrument	to	measure	fruit	response	to	impacts.	
The	 device	 includes	 a	 small,	 semispherical	 mass	 with	 an	 accelerometer	 that	 can	
be	dropped	from	different	heights	onto	 the	 fruit.	García	et	al.	 (1988)	developed	a	
vertical	impact	sensor	based	on	this	system.	This	was	used	to	sort	apples	and	pears	
according	 to	 their	 firmness	 (Jarén	 and	 Carcía-Pardo,	 2002)	 and	 to	 test	 and	 clas-
sify	different	padding	materials	in	fruit	packing	lines	(García-Ramos	et	al.,	2002).	
Figure 3.1	shows	this	device.
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Delwiche	and	Sarig	(1991)	developed	a	sensor	operated	by	an	air	cylinder	 that	
released	and	 returned	an	 impact	mass	 in	 the	probe	body.	The	acceleration	of	 the	
mass	gave	a	measurement	of	 the	 impact	 force,	which	was	analyzed.	The	correla-
tion	obtained	between	penetration	firmness	and	the	peak	acceleration	was	0.92	for	
peaches	and	0.8	for	pears.	The	sensor	acted	horizontally	and	was	installed	success-
fully	in	an	experimental	packing	line	(Delwiche	et	al.,	1996).

Hung	and	Prussia	(1995)	presented	a	nondestructive	laser-puff	detector	to	mea-
sure	the	firmness	of	various	foods.	The	excitation	of	the	food	was	performed	by	a	
short	puff	of	pressurized	air,	which	could	be	regulated	to	a	certain	degree	according	
to	 the	 firmness	 scale	 of	 each	 product.	 A	 laser	 displacement	 sensor	 measured	 the	
deflected	surface	of	the	fruit.	They	found	that	the	laser-puff	values	correlated	well	
(R2	=	0.78)	with	destructive	measurements	in	peaches.

Chen	 and	 Ruiz	 Altisent	 (1996)	 developed	 a	 lateral	 low-mass	 impact	 sensor.	 It	
consists	of	a	small	swing-arm	sensor	with	lateral	movement	that	impacts	the	fruit	
laterally	with	a	semispherical	head.	The	fruit	firmness	is	estimated	by	a	piezoelectric	
accelerometer	located	on	the	head.	They	found	that	the	variables	of	impact	force	and	
impact	duration	were	directly	related	to	fruit	firmness	and	reported	a	good	perfor-
mance	of	the	system	when	testing	rubber	falls,	kiwifruits,	and	peaches.	The	device	
was	able	to	sense	fruit	firmness	at	a	speed	of	5	fruits	per	second.	García	Ramos	et	al.	
(2003)	adapted	a	modified	version	of	the	low-mass	impact	method	for	an	experimen-
tal	packing	line	having	an	operation	speed	of	5	to	7	fruits	per	second.	The	correlation	
coefficient	between	the	impact	parameter	and	the	force	deformation	slope	during	a	
destructive	compression	test	was	0.93	for	peaches.	A	manual	impact	sensor	shaped	
like	a	pistol	was	developed	to	be	used	in	orchards	to	determine	optimum	harvest	date	
(Chen	et	al.,	2000).	Figure 3.2	shows	a	lateral	impact	sensor	similar	to	those	used	by	
the	cited	authors.

FIGURE 3.1  Impact	sensor.
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Greefa	 Ltd.	 introduced	 an	 on-line	 nondestructive	 firmness	 detection	 system	
(Armstrong,	2001),	the	intelligent	Firmness	Detection	(iFD)	system.	Firmness	mea-
surements	are	taken	by	means	of	a	large	wheel	equipped	with	multiple	sensor	heads	
that	rotates	over	the	packing	line	impacting	the	top	of	the	fruits.	During	the	sorting	
process,	a	firmness	sensor	takes	9	to	20	measurements	around	the	fruit	and	the	sys-
tem	operates	at	speeds	of	5–7	fruits	per	second.	This	device	has	been	successfully	
applied	for	apples,	avocados,	mangoes,	peaches,	and	kiwifruits.

Sinclair	 International	 Ltd.	 has	 developed	 the	 Sinclair	 IQTM	 –	 Firmness	 Tester	
(SIQ-FT),	which	 is	based	on	a	 low-mass	 impact	sensor	 (Horwarth	and	Ioannides,	
2002).	 This	 on-line	 system	 measures	 firmness	 using	 a	 piezoelectric	 sensor	 sur-
rounded	by	a	rubber	bellow	activated	by	compressed	air.	The	system	is	able	to	take	
readings	at	a	speed	of	10	fruits	per	second	and	has	been	tested	with	avocados,	citrus,	
kiwis,	plums,	nectarines,	and	peaches.	Shmulevich	et	al.	 (2003)	found	medium	to	
high	correlation	coefficients	between	SIQ-FT	values	and	variables	from	penetration	
tests	performed	on	nectarines	(0.83–0.92),	plums	(0.80),	avocados	(0.81–0.84),	and	
kiwifruits	(0.83–0.92).

García	Ramos	et	al.	(2003)	modified	the	impact	system	for	firmness	sorting	of	
fruits	(TOUCHLINE)	developed	by	Chen	and	Ruiz	Altisent	(1996)	and	installed	it	
in	an	experimental	fruit	packing	line.	The	system	consists	of	a	lateral	impact	sensor	
with	a	control	electronic	circuit,	control	software,	and	an	ejection	system	with	three	
outlets	regulated	by	a	microcontroller.	The	lateral	impact	sensor	detects	the	presence	
of	fruit	by	means	of	an	optical	sensor	and	impacts	it.	The	impact	signal	is	obtained	
by	an	accelerometer	and	is	sent	to	a	PC	where	it	is	processed	by	specific	software	
to	yield	a	firmness	index.	According	to	this	index	the	software	gives	an	order	to	the	
microcontroller	of	the	ejection	system	and	the	fruit	is	sent	to	its	corresponding	out-
let.	Diezma	et	al.	(2006)	used	nondestructive	acoustic	and	impact	tests	to	monitor	
firmness	evolution	of	peaches	during	storage.	They	found	that	the	maximum	force	

FIGURE  3.2  Lateral	 impact	 sensor	 used	 in	 the	 laboratory	 of	 the	 Public	 University	 of	
Navarre.
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in	ball	compression	correlated	well	with	the	maximum	acceleration	from	the	impact	
test	(R2	=	0.75)	and	with	a	band	magnitude	parameter	from	an	acoustic	 test	(R2	=	
0.71).	They	developed	classification	models	able	to	classify	correctly	more	than	90%	
of	the	peaches.	Slaughter	et	al.	(2009)	designed	a	handheld	impact	sensor,	based	on	
low-mass	impact,	for	nondestructive	measurement	of	fruit	firmness	while	the	fruit	
remains	attached	to	the	tree.	The	device	worked	correctly	because	validation	tests	
met	(r2	=	0.92	and	0.96,	respectively)	the	ASAE	Standard	method	S368.2	for	deter-
mining	the	apparent	modulus	of	intact	fruit	and	the	impact	firmness	scores	from	a	
commercial	bench-top	impact	firmness	instrument.

Homer	et	al.	(2010)	evaluated	a	nondestructive	impact	sensor	that	is	another	adap-
tation	of	the	cited	laboratory	model,	installed	in	an	experimental	fruit	packing	line	
with	a	commercial	sizer	chain.	They	found	that	sensors	work	correctly	at	a	speed	of	
7	fruits	per	second	and	allow	fruit	classification	at	three	levels	of	firmness.

3.2.1.2  Nondestructive Microdeformation-Based Sensors
Nondestructive	sensors	have	been	developed	to	measure	very	small	deformations	of	
fruits	during	compression.	The	principle	of	measurement	consists	of	indenting	the	
surface	of	the	fruit,	usually	with	a	spherical	plunger	in	such	a	way	that	it	causes	no	
damage.	The	penetration	of	the	sphere	into	the	skin	is	measured	with	high	precision	
using	an	analogue	 (spring)	or	 a	piezoelectric	 sensor	positioned	at	 the	back	of	 the	
compression	 plunger.	 The	 force–deformation	 curve,	 which	 determines	 fruit	 firm-
ness,	can	be	recorded	by	applying	a	small	load	for	a	fixed	period	of	time	(Macnish	et	
al.,	1997)	or	by	calculating	the	force	necessary	to	reach	a	pre-et	deformation	(Fekete	
and	Felfoldi,	2000).

Prussia	et	al.	(1994)	developed	a	sensor	that	uses	an	air	blast	to	deform	the	fruit	
surface	instead	of	the	spherical	plunger.	The	device	comprises	the	following	com-
ponents:	a	means	to	generate	an	impulsive	jet	of	a	fluid	(such	as	air)	aimed	at	the	
surface	of	the	object	under	test,	a	laser	to	generate	a	beam	of	coherent	light	aimed	
at	the	area	on	the	surface	under	test	impacted	by	the	fluid	jet,	a	detector	to	sense	the	
light	reflected	off	of	the	surface	of	the	object	from	the	laser	beam,	an	analyzer	to	
determine	the	amount	of	deformation	of	the	surface	caused	by	the	fluid	jet	based	on	
the	input	to	the	detector,	and	a	controller	to	coordinate	the	release	of	the	impulsive	
jet	with	the	analyzer.	The	pressure	of	the	air	reservoir	is	very	accurately	controlled.	
The	fruit	surface	deformation	is	measured	using	the	displacement	sensor.	Fruit	firm-
ness	is	then	related	to	this	local	deformation.	Lesage	and	Destain	(1996)	designed	a	
nondestructive	mechanical	sensor	(Cantifruit)	to	measure	the	firmness	of	tomatoes.	
It	 consists	 of	 a	 small	 plunger	 constrained	 to	 penetrate	 slightly	 into	 the	 fruits,	 by	
using	an	accurate	 lever	mechanism.	They	 found	a	 significant	correlation	between	
firmness	 measurements	 performed	 with	 this	 device	 and	 the	 Stable	 Micro	 System	
(SMS),	fitted	with	 the	 same	plunger	diameter.	Lu	et	 al.	 (2005)	evaluated	a	newly	
developed	bioyield	tester	for	measuring	fruit	firmness	and	its	variability	within	indi-
vidual	fruits.	They	compared	the	results	obtained	using	this	device	to	the	Magness-
Taylor	firmness	method	and	concluded	that	the	device	will	be	useful	for	measuring	
and	monitoring	fruit	firmness	during	growth,	harvest,	and	postharvest	operations.	
The	bioyield	probe	was	a	steel	cylinder	of	6.4-mm	diameter	with	a	rubber	tip.	The	
rubber	 tip	 was	 3.2	 mm	 thick	 and	 had	 a	 secant	 modulus	 of	 3.24	 MPa	 at	 1.5	 mm	
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deformation.	This	probe	design	was	chosen	for	detecting	the	bioyield	force	of	apple	
fruit	based	on	finite	element	simulations	and	experimental	studies	of	different	probe	
designs	 (including	probe	diameter	 and	 rubber	 thickness	and	elasticity)	performed	
by	Ababneh	(2002).	The	bioyield	probe	was	mounted	onto	a	handheld	digital	force	
gauge	(Model	DPS-44R,	Imada,	Inc.,	Northbrook,	Ill.),	which	had	a	loading	capacity	
of	200	N	with	a	force	resolution	of	0.01	N.	The	digital	force	gauge	was	connected	to	
a	computer	via	a	RS-232	port,	allowing	data	to	be	recorded	in	the	computer	at	a	rate	
up	to	20	data	points	per	second.	The	force	gauge	was	mounted	on	a	tabletop	motor-
driven	stand,	which	provided	a	constant	loading	rate	during	the	bioyield	test.

A	microdeformation	device	has	been	developed	by	CEMAGREF	(French	acro-
nym	 for	 Centre	 National	 du	 Machinisme	 Agricole,	 du	 Génie	 Rural,	 des	 Eaux	 et	
Forêts)	(Steinmez	et	al.,	1996).	A	flexible	positioning	cup	(a	soft	articulation)	with	
a	contact	plunger	(a	probe	with	a	sphere	at	the	end)	in	the	center	helps	the	operator	
to	slightly	deform	the	fruit	surface	(maximum	2	mm	approximately).	Then,	a	spring	
shows	the	firmness	indexed	on	a	scale.

Arazuri	et	al.	(2007)	used	a	Durofell	of	Copa	Rechnologie	S.A.:	(France),	shown	
in	Figure 3.3,	 to	measure	 tomato	hardness	nondestructively.	 It	 is	a	nondestructive	
dynamometer	equipped	with	a	metallic,	flat-ended	probe	with	three	possible	contact	
areas	 (10,	 25,	 and	 50	 cm2).	 The	 hardness	 value	 is	 determined	 by	 the	 penetration	
of	the	probe	into	the	fruit.	The	measurement	is	not	based	on	S.I.	units	because	the	
measurement	scale	was	0–100	in	Durofel	units.	Values	higher	than	70	units	indicated	
hard	tomatoes	and	less	than	60	units	indicating	soft	tomatoes	(Durofel,	1996).

Macnish	 et	 al.	 (1997)	 described	 two	 other	 nondestructive	 devices	 to	 measure	
fruit	firmness:	the	Analogue	CSIRO	Firmness	Meter	(AFM)	and	the	Digital	CSIRO	
Firmness	Meter	(DFM).

FIGURE 3.3  Durocell	of	Copa	Rechnologie	S.A.	(France).
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3.2.1.3  Vibration-Based Firmness Measurements
In	 these	 techniques,	 the	 fruit	 is	 impacted	 with	 a	 small	 hammer.	 The	 resulting	
mechanical	vibration	is	then	directly	measured	using	accelerometers	or	laser	vibro-
meters	or	indirectly	using	a	microphone	to	capture	the	corresponding	sound	wave.	A	
computer,	which	is	hooked	up	to	the	measurement	device,	calculates	the	frequency	
response	spectrum	from	the	time	domain	signal	by	means	of	a	fast	Fourier	transform	
(Nicolaï	et	al.,	2006).	The	resonant	frequencies	depend	on	the	mechanical	properties	
of	the	fruit	and	therefore	can	be	used	to	characterize	fruit	firmness.	The	higher	the	
resonance	frequency,	the	firmer	the	fruit.

Farabee	and	Stone	(1991)	developed	a	sonic	impulse	firmness	tester	to	measure	
the	maturity	of	watermelons.	The	probe	is	a	closed-end	Plexiglas	cylinder	approxi-
mately	5	cm	in	diameter	and	15	cm	long.	A	thin	disk-shaped	ceramic	piezoelectric	
element,	bonded	to	a	similar	sized	thin	brass	disk,	was	mounted	at	the	end	of	the	
cylinder	in	contact	with	the	watermelon.	A	solenoid,	inside	the	cylinder,	was	used	
to	deliver	a	mechanical	impulse	to	the	flat	face	of	the	piezo	ceramic.	The	impulse	
is	transferred	through	the	ceramic	to	the	watermelon.	The	resulting	vibration	of	the	
fruit	drives	the	piezo	element	and	the	signal	is	amplified	and	filtered	before	digita-
lization	by	the	data	acquisition	unit.	Abbott	et	al.	(1992)	used	a	sonic	transmission	
technique	to	compare	the	relationship	between	sensory	ripeness	of	stored	Delicious	
apples	with	soluble	solids	content,	titratable	acidity,	Magness-Taylor	firmness,	and	
sonic	transmission	spectra.	They	found	that	sonic	transmission	functions	correlated	
significantly	with	sensory	ripeness	and	Magness-Taylor	firmness.	Cooke	and	Rand	
(1973)	calculated	a	firmness	index	S = f2 m2/3	where	f	is	the	first	resonance	frequency	
(Hz)	and	m	is	the	mass	of	the	fruit	(kg).	Different	equations	based	on	the	modulus	
of	elasticity	have	been	developed	to	obtain	a	firmness	index	as	a	function	of	f	(Hz)	
and	m	 (kg).	The	firmness	index	is	usually	referred	to	as	S	because	of	 its	relation-
ship	with	the	stiffness	of	the	fruit	tissue.	In	these	equations,	different	authors	have	
proposed	different	exponents	affecting	m,	depending	on	the	importance	given	to	the	
fruit	mass.	Abbott	and	Massie	(1998)	and	Fekete	and	Felföldi	(2000)	proposed	the	
equation	S= f2 m.

Eshet	Eilon	Ltd.	constructed	a	piezoelectric-based	measurement	system,	named	
Firmalon,	which	includes	an	instrumented	fruit	bed	with	three	equally	spaced	piezo-
electric	sensors,	three	electromechanical	impulse	hammers,	and	a	force	transducer	
that	measures	the	fruit	mass	and	compensates	the	signal.	The	piezoelectric	sensors	
are	composed	of	a	polyvinylidene	fluoride	film	bonded	 to	 soft	polyethylene	 foam	
padding,	to	enable	free	vibrations	of	the	fruit.	The	impulse	devices,	consisting	of	a	
push-type	solenoid	and	a	pendulum,	are	 located	opposite	 to	 the	piezoelectric	film	
sensors.	A	data	acquisition	computer	program	was	used	 to	control	 the	 test	opera-
tions,	to	select	the	resonance	frequencies,	and	to	calculate	the	acoustic	parameters	of	
the	fruit:	the	natural	frequency	of	the	fruit,	damping	ratio,	and	the	centroid	of	the	fre-
quency	response.	An	automated	search	algorithm	was	used	to	identify	the	first	fre-
quency	of	fruit	response	to	impulse	excitation	and	firmness.	It	was	calculated	using	
the	 expression	 set	up	by	Cooke	and	Rand	 (1973).	Commercial	 laptop	devices	 are	
currently	available	from	AWETA	as	well	as	grading	lines	equipped	with	high-speed	
sensors.	The	acoustic	firmness	sensor	(AFSTM)	is	a	benchtop	device	that	enables	the	
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nondestructive	 measurement	 of	 fruits	 and	 vegetables.	 This	 equipment	 detects	 the	
vibration	modules	of	the	acoustic	wave	traveling	across	the	fruit.

Sugiyama	 et	 al.	 (1997)	 developed	 a	 portable	 firmness	 tester	 for	 melons.	 They	
found	a	correlation	of	about	R	=	0.942	between	the	transmission	velocity	measured	
by	 two	microphones	and	 the	apparent	elasticity	of	 the	melons,	measured	destruc-
tively.	De	Belie	et	al.	(2000a)	developed	a	monitoring	system	to	estimate	the	loss	of	
firmness	of	apples	during	storage	using	a	nondestructive	acoustic	impulse	response	
technique	to	measure	firmness.	They	demonstrated	that	the	sensitivity	of	this	tech-
nique	to	firmness	changes	of	apples	was	greater	 than	the	penetrometer	 technique.	
The	system	is	composed	of	a	rotating	disc	on	which	a	representative	fruit	sample	is	
located,	an	electromagnetic	excitation	mechanism,	and	an	optical	sensor	 to	detect	
the	position	of	the	apples.	A	microphone	records	the	apple	vibrations	at	impact	and	
is	linked	to	a	computer	with	a	data	acquisition	and	analysis	program.	This	computer	
is	placed	outside	the	cool	storage	area.	A	first-order	degradation	model,	fitted	to	the	
measured	firmness	data,	 is	used	 to	 estimate	 the	 time	when	cool	 stores	 should	be	
opened	to	guarantee	an	average	firmness	after	storage.	De	Bellie	et	al.	(2000b)	used	
this	methodology	to	measure	pear	firmness	with	the	fruits	remaining	on	the	trees.	
Terasaki	et	al.	(2001)	used	a	laser	Doppler	vibrometer	to	evaluate	the	softening	of	
kiwifruit	 during	 ripening.	 They	 defined	 a	 stiffness	 coefficient	 (E)	 as	 E = fn

2m2/3,	
where	fn	was	the	frequency	of	the	second	resonance	peak	and	m	was	the	fruit	mass,	
and	a	loss	coefficient	(I)	defined	as	I =	( f2	– f1	)/fn	,	where	frequencies	f1	and	f2	were	
determined	at	3	dB	below	the	second	resonance	peak	( f2 > f1).	They	found	a	highly	
significant	relationship	between	the	stiffness	coefficient	and	the	firmness	of	the	kiwi	
core	determined	by	measuring	the	force	required	to	insert	a	conical	probe	of	5	mm	
into	the	surface	of	a	fruit	slice	(R2	=	0.967).	Their	results	indicate	that	early	stages	of	
fruit	softening	are	reflected	by	the	stiffness	coefficient,	and	late	stages	are	reflected	
by	the	loss	coefficient.	Therefore,	 the	 two	coefficients	clearly	distinguish	between	
ripe	and	unripe	kiwifruit.	They	also	used	this	technique	to	monitor	ripening	behav-
ior	of	La	France	pears	and	to	develop	a	model	to	simulate	the	ripening	process	of	
pear	stored	for	various	periods	at	 low	temperature.	The	E value	declined	steadily	
as	 a	 quasi-exponential	 function	 only	 for	 short	 intervals	 following	 storage	 at	 low	
temperature.	This	time-dependent	pattern	in	decline	of	the	elasticity	index,	as	they	
designed	E,	was	not	observed	after	long-term	storage.	They	reported	that	the	most	
acceptable	texture	quality	for	the	La	France	pears	is	within	the	initial	elasticity	index	
range	of	(8.6	–	11.4)	×	106	Hz2	g2/3.	De	Katelaere	et	al.	(2006)	compared	two	com-
mercial	 nondestructive	firmness	 sensors,	 one	based	on	 acoustic	 impulse	 response	
(AFS)	and	one	based	on	low	mass	impact	(SIQ-FT),	for	the	quality	assessment	of	
apples	and	 tomatoes	during	 storage.	They	used	a	commercial	desktop	unit	 (AFS,	
AWETA,	Nootdorp,	The	Netherlands)	 to	measure	 the	acoustic	firmness	of	apples	
and	tomatoes.	The	fruits	were	placed	in	a	weight	cell	to	be	weighed	and	were	excited	
by	means	of	an	electromagnetic-driven	probe	and	a	small	microphone	captured	the	
vibration.	The	only	two	parameters	needed	to	obtain	the	firmness	index	S	are	the	
resonant	frequency	of	the	elliptical	mode	and	the	mass	of	the	fruit.	In	the	case	of	
the	low-mass	impact	sensor,	a	benchtop	version	(Sinclair	iQTM	Firmness	Tester)	was	
used	for	the	nondestructive	impact	test.	The	sensor	hits	the	fruit	by	air	pressure	and	
captures	the	impact	signal.	A	special	data	acquisition	and	signal	analysis	program	
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was	employed	to	determine	the	internal	quality	index	of	the	tested	sample.	The	firm-
ness	was	expressed	according	to	the	equation	set	up	by	Schmulevich	et	al.	(2003).	
They	concluded	that	both	sensors	have	good	repeatability,	mainly	the	AFS	sensor	
on	apples,	and	the	correlation	between	the	measurements	of	both	devices	was	rather	
high	and	taking	a	single	measurement	using	AFS	provides	sufficient	information	for	
grading	apples.

Other	 novel	 techniques	 to	 measure	 food	 firmness	 are	 based	 on	 the	 response	
of	the	fruit	to	mechanical	vibration.	The	food	is	placed	on	a	surface	that	vibrates	
at	 certain	 frequencies	 and	 the	 response	 is	measured	by	means	of	 an	 accelerom-
eter.	Peleg	(1993)	developed	a	nondestructive	method	for	measuring	apple	firmness	
based	on	vibrational	excitation.	The	fruit	 is	 located	on	a	support,	affected	by	an	
electromechanical	vibrator,	and	the	response	signal	of	the	fruit	is	measured	by	an	
accelerometer	attached	to	a	finger	that	comes	into	contact	with	the	top	of	the	fruit.	
The	softer	the	fruit,	the	larger	the	attenuation	of	the	signal.	This	system	has	been	
installed	on-line	and	was	able	to	measure	firmness	at	a	speed	of	4	to	6	fruits	per	
second	 with	 an	 estimated	 error	 for	 testing	 peaches	 and	 apples	 around	 10%	 and	
20%,	respectively.

3.2.1.4  Ultrasonic Wave Propagation–Based Sensors
Low-intensity	 ultrasonics	 has	 become	 an	 established	 nondestructive	 technique	 in	
food	 science.	 Both	 velocity	 and	 attenuation	 measurements	 may	 provide	 texture	
information.	Ultrasound	devices	generally	consist	of	four	basic	components:	a	wave	
generator	 (pulser/receiver),	 a	 transmitter	 and	 receiver,	 a	 microprocessor	 (or	 com-
puter)	equipped	with	signal-processing	software,	and	a	display.

Single-touch	systems	have	been	developed	and	used	for	collecting	and	processing	
the	acoustic	information	emerging	from	tissue	segments	of	whole	fruit	specimens	and	
continuous-touch	systems	for	whole-fruit	measurements.	The	single-touch	systems	
were	usually	modified	from	their	industrial	configuration,	intended	for	the	determi-
nation	of	physical	properties	of	attenuated	materials	such	as	cement	and	composite	
material,	and	were	adapted	for	the	measurement	of	the	highly	attenuated	fruit	and	
vegetable	tissues	(Povey,	1998).	This	technique	has	been	successfully	used	to	assess	
firmness	on	avocados,	mangoes,	tomatoes,	plums,	and	pears	(Mizrach,	2008).

A	typical	continuous-touch	system	consists	of	a	high-power,	low-frequency	ultra-
sound	pulser-receiver,	two	identical	ultrasound	transducers,	and	a	mounting	structure	
that	provides	three-axis	movement	for	the	transducers	(Mizrach	et	al.,	2000).	In	the	
through-transmission	mode,	with	a	transducer	acting	as	a	transmitter	and	the	other	
as	a	receiver,	the	mounting	structure	allowed	the	transducers	to	move	relative	to	one	
another.	Emitted	waves	penetrated	the	peel	and	propagated	through	the	adjacent	tis-
sue	along	the	gap	between	the	probe	tips.	The	output	pulse	amplitude	and	the	paths	
of	the	transmitted	waves	could	be	observed	visually	on	a	monitor	screen.	In	parallel,	
a	built-in	peak	detector	and	microprocessor-controlled	serial	interface	captured	the	
attenuated	waves	that	crossed	the	known	gap	and	sent	digitalized	data	to	an	external	
microcomputer.	These	data	were	 then	used	to	calculate	 the	wave	velocity	and	the	
attenuation	coefficient	of	the	signal	passing	through	the	tissue.	The	wave	propagation	
velocities	Cp	were	calculated	by	measuring	the	time	required	for	the	pulse	to	traverse	
the	gap	between	the	two	probes	using	the	Equation	(3.1)
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 Cp = l/t  (3.	1)

where	l was	the	distance	between	probes	and	t	was	the	transit	time	between	the	input	
and	collection	probe	tips.	The	attenuation	coefficient,	α,	was	calculated	by	means	of	
the	exponential	expression,	shown	in	Equation	(3.2):

 A = A0 e−αl	 (3.2)

where	A and A0,	respectively,	are	the	ultrasonic	signal	amplitudes	at	the	beginning	
and	 at	 the	 end	 of	 the	 propagation	 path	 of	 the	 ultrasonic	 wave	 (Krautkramer	 and	
Krautkramer,	1990).	The	system	has	been	used	to	study	the	changes	in	physiochemi-
cal	parameters	of	avocado	fruit	during	maturation,	storage,	and	shelf	life,	and	can	
be	used	for	the	estimation	of	the	maturity	of	fruits,	a	precise	determination	of	the	
appropriate	harvest	time	and	the	nondestructive	assessment	of	their	firmness.

The	 single-	 and	 continuous-touch	 systems	 were	 built	 and	 used	 as	 benchtop	
devices.	Portable	devices	were	developed	later	for	rapid	measurements	of	attenua-
tion	and	for	field	applications	on	monitoring	pre-	and	postharvest	processes.	Three	
different	types	of	portable	systems	were	designed	to	collect	data	by	means	of	two	
different	mounting	methods	and	two	modular	signal	processing	routines.	A	single-
touch,	permanent-load	system	operating	in	the	time	domain	has	been	developed	for	
field	use	(Mizrach,	2000).	It	consisted	of	three	50-kHz	ultrasonic	transducers;	one	
of	them	functioned	as	a	transmitter	and	the	other	two	as	receivers.	A	single-touch,	
permanent-load	system	operating	in	the	frequency	domain	was	used	to	evaluate	the	
physiochemical	properties	of	mango	fruit	(Mizrach	et	al.	1999).	The	system	is	based	
on	an	ultrasonic	pulser-receiver	device	similar	to	the	system	that	operated	in	the	time	
domain,	but	only	one	transmitter	and	one	receiver	are	used.	A	single-touch,	variable-
load	system	operating	in	the	time	domain	was	developed	for	nondestructive	measure-
ments	of	firmness	in	whole	apple	fruit	(Mizrach	et	al.	2003;	Bechar	et	al.	2005).

3.2.1.5  Image Analysis–Based Methods
Texture	 and	 appearance	 are	 among	 the	 most	 important	 characteristics	 of	 food.	
Considerable	research	work	has	been	done	on	applying	machine	vision	systems	to	
inspect	foods.	Light	scattering	is	related	to	the	structural	characteristics	of	fruit	and	
hence	is	potentially	useful	for	estimating	fruit	firmness.

Duprat	et	al.	(1995)	developed	an	optical	system	to	measure	apple	firmness.	The	
apples	were	illuminated	with	a	670-nm	laser	and	their	scattering	areas	were	mea-
sured	with	a	stereomicroscope	and	a	camera.	They	found	a	correlation	coefficient	of	
0.84	between	the	area	and	Young’s	modulus.	Tu	et	al.	(1995)	used	a	3-mW	He-Ne	
laser	beam	as	the	light	source	to	determine	apple	and	tomato	properties	related	to	
ripeness	 in	a	nondestructive	way.	The	 fruits	were	monitored	at	different	maturity	
stages	using	the	laser	source	and	a	red,	green,	blue	(RGB)	camera.	The	images	were	
captured	and	the	total	number	of	pixels	exceeding	a	threshold	was	taken	as	a	texture	
indicator.	The	fruit	firmness,	measured	by	nondestructive	acoustic	response,	showed	
a	strong	negative	correlation	with	the	laser	image	analysis.	Lu	(2004)	used	multispec-
tral	imaging	to	quantify	light	backscattering	profiles	from	apple	fruit	for	predicting	
firmness.	Spectral	images	of	the	backscattering	of	light	at	the	fruit	surface,	which	
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were	generated	from	a	focused	broadband	beam,	were	obtained	from	Red	Delicious	
apples	for	five	selected	spectral	bands	(10 nm	bandpass)	between	680	and	1060 nm.	
Ratios	of	scattering	profiles	for	different	spectral	bands	were	used	as	inputs	to	a	back-
propagation	neural	network	with	one	hidden	layer	to	predict	fruit	firmness.	Three	
ratio	combinations	with	four	wavelengths	(680,	880,	905,	and	940 nm)	gave	the	best	
predictions	of	fruit	firmness,	with	r	=	0.87	and	the	standard	error	of	prediction	(SEP)	
=	5.8 N.	Multispectral	 imaging	 technique	 is	promising	 for	predicting	firmness	of	
apples.	Lu	and	Peng	(2006)	used	a	hyperspectral	imaging	system	to	simultaneously	
acquire	153	spectral	scattering	profiles,	generated	by	a	broadband	light	beam,	from	
Red	Haven	and	Coral	Star	peaches	between	500	and	1000 nm.	They	developed	firm-
ness	prediction	models	using	multilinear	regression	coupled	with	cross	validation.	
The	wavelength	of	677 nm,	corresponding	to	chlorophyll	absorption,	had	the	highest	
correlation	with	fruit	firmness	among	all	single	wavelengths.	They	concluded	that	
hyperspectral	scattering	is	potentially	useful	for	rapid	and	nondestructive	estimation	
of	peach	firmness.

3.2.1.6  NIR Spectroscopy–Based Methods
In	 near-infrared	 (NIR)	 spectroscopy,	 the	 food	 is	 irradiated	 with	 NIR	 radiation,	
which	covers	the	range	of	the	electromagnetic	spectrum	between	780	and	2500	nm.	
The	reflected	or	transmitted	radiation	is	measured	using	a	spectrophotometer.	When	
radiation	hits	a	sample,	the	incident	radiation	may	be	reflected,	absorbed,	or	trans-
mitted,	 and	 the	 relative	contribution	of	 each	phenomenon	depends	on	 the	chemi-
cal	composition	and	physical	parameters	of	the	sample.	Most	absorption	bands	in	
the	NIR	region	are	overtones	or	combination	of	fundamental	C–H,	O–H,	and	N–H	
vibrations.	 In	 large	molecules,	as	well	as	 in	complex	mixtures	such	as	 foods,	 the	
multiple	bands	and	 the	effect	of	peak-broadening	 result	 in	NIR	spectra	 that	have	
a	broad	envelope	with	 few	sharp	peaks	 (Nicolaï	 et	 al.,	2007).	The	 spectrum	of	a	
sample	contains	information	on	absorption	as	well	as	scattering.	While	absorption	
is	related	to	the	presence	of	chemical	components,	scattering	is	related	to	the	micro-
structure	of	the	tissue.	Therefore,	the	spectra	can	be	used	to	predict	features	depend-
ing	on	the	chemical	composition	or	the	structure	of	foods.	In	Figure 3.4	a	typical	
spectrum	is	shown.

A	spectrophotometer	consists	of	a	light	source,	sample	presentation	accessories,	
monochromator,	detector,	and	optical	components.	There	are	three	different	meth-
ods	 to	obtain	NIR	spectra:	 reflectance,	 transmittance,	 and	 interactance.	 In	 reflec-
tance	mode,	the	reflected	radiation	is	measured	by	the	detector,	which	is	mounted	
under	a	specific	angle	with	respect	to	the	light	source.	In	transmittance	mode,	the	
transmitted	radiation	is	measured	by	the	detector,	which	is	positioned	opposite	to	the	
detector.	In	interactance	mode,	the	light	source	and	the	detector	are	positioned	paral-
lel	to	each	other	in	such	a	way	that	the	light	due	to	specular	reflection	cannot	directly	
enter	the	detector.	In	selecting	the	measurement	method,	it	is	important	to	know	that	
the	penetration	of	NIR	radiation	into	fruit	tissue	decreases	exponentially	with	depth	
(Lammertyn	et	al.,	2000).	There	are	portable	spectrophotometers	that	can	be	used	by	
farmers	to	make	measurements	in	the	field.

Depending	on	the	uniformity	of	the	quality	attribute	within	the	fruit,	it	might	be	
necessary	to	repeat	the	spectral	acquisition	at	several	positions	of	the	fruit.	Kuriyati	
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et	al.	(2004)	calculated	four	types	of	spectra,	which	were	averaged	from	1,	2,	3,	and	
6	positions,	to	be	used	as	input	vectors	for	dry	matter	calibration	of	tomatoes.	They	
concluded	that	to	obtain	a	highly	efficient	and	stable	calibration	equation,	the	3-	or	
6-position	spectra	should	be	used.

NIR	spectra	often	contain	broad	bands,	which	are	the	result	of	many	individual	
overlapped	peaks,	and	the	presence	of	Fermi	resonances	can	also	increase	the	com-
plexity	of	NIR	spectra.	Multivariate	statistical	techniques	are	therefore	required	to	
extract	the	information	about	quality	attributes	that	are	buried	in	the	NIR	spectrum.	
These	techniques	include	spectral	processing	techniques	used	to	remove	irrelevant	
information	as	well	as	regression	techniques.	The	most	important	spectral	process-
ing	techniques	are	averaging,	centering,	smoothing,	standardization,	normalization,	
and	transformation.	The	regression	techniques	can	be	linear	and	nonlinear.	Linear	
multivariate	 regression	 techniques	 attempt	 to	 establish	 a	 relationship	between	 the	
value	of	reference	and	the	values	from	the	spectral	matrix	n × N,	with	n	the	number	
of	spectra	and	N	the	number	of	wavelengths.	Multiple	linear	regression	(MLR),	step-
wise	multiple	linear	regression	(SMLR),	principal	component	regression	(PCR),	and	
mainly	partial	least	squares	(PLS)	regression	were	used	to	develop	calibration	mod-
els	for	the	spectrophotometers.	These	models	make	it	possible	to	predict	the	values	
of	certain	reference	values	of	the	food,	measured	by	means	of	a	reference	method.	
Some	 nonlinear	 regression	 techniques,	 such	 as	 artificial	 neural	 networks	 (ANN),	
kernel-based	techniques,	and	least	squares	support	vector	machines	(LS-SVM)	have	
been	used	to	construct	NIR	calibration	models.

Once	 the	 calibration	 model	 has	 been	 developed,	 it	 is	 necessary	 to	 select	 the	
model	that	is	able	to	predict	the	values	of	the	reference	parameter	with	the	high-
est	accuracy.	The	parameters	characterizing	the	ability	of	prediction	of	the	model	
are	root	mean	square	error	for	cross	validation	(RMSECV)	when	the	method	of	
cross	validation	 is	used	and	 the	 root	mean	 square	error	of	prediction	 (RMSEP)	
when	 a	 validation	 using	 independent	 samples	 is	 performed.	 The	 coincidence	 or	
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FIGURE  3.4  NIR	 spectrum	 acquired	 from	 three	 tomatoes	 belonging	 to	 three	 different	
cultivars.
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little	difference	between	errors	of	calibration	and	validation	is	another	index	of	the	
accuracy	of	the	model.

The	 reported	parameters	are	 independent	of	 the	variability	of	 the	sample.	The	
ability	of	a	model	to	accurately	predict	the	reference	values	depends	on	the	variabil-
ity	of	the	samples.	It	is	necessary	to	use	a	parameter	depending	on	this	variability	
when	comparing	the	ability	of	prediction	of	various	models	obtained	from	samples	
having	different	variability.	The	 residual	predictive	deviation	 (RPD)	 is	defined	as	
the	ratio	of	the	standard	deviation	(SD)	of	reference	data	for	the	validation	samples	
and	 the	 standard	 error	 of	 prediction	 (SEP)	 and	 provides	 a	 standardization	 of	 the	
SEP	(Williams,	2001).	An	RPD	between	1.5	and	2	means	that	the	model	is	able	to	
discriminate	against	high	and	low	values	of	the	response	variable;	a	value	between	
2	and	2.5	indicates	that	coarse	quantitative	predictions	are	possible;	and	3	or	above	
corresponds	to	a	good	or	an	excellent	prediction	accuracy,	respectively.

Another	useful	statistic	is	the	coefficient	of	determination	(R2),	which	represents	
the	proportion	of	explained	variance	of	the	response	variable	in	the	calibration	or	
validation.	 Calibration	 models	 are	 called	 robust	 when	 the	 prediction	 accuracy	 is	
relatively	intense	toward	unknown	changes	of	external	factors.

Many	calibration	models	for	spectrophotometers	have	been	developed	to	predict	
food	firmness.	Calibration	models	have	been	developed	to	predict	firmness	of	apples	
(Lovász	et	al.,	1994;	Moons	et	al.,	1997;	Peirs	et	al.,	2002;	Park	et	al.,	2003),	Satsuma	
mandarin	(Hernández	Gómez	et	al.,	2006),	kiwifruit	(McGlone	and	Kawano,	1997),	
peaches	(Fu	et	al.,	2008),	tomato	(Shao	et	al.,	2007),	carrots	(De	Belie	et	al.,	2003),	
cucumbers	(Kavdira	et	al.	2007),	wheat	(Manley	and	McGill	1996),	rice	(Windham	
et	al.	1997),	bread	(Xie	et	al.,	2003),	and	cheese	(Karoui	et	al.,	2007).

Zude	et	al.	(2006)	used	a	portable	desktop	device	including	an	acoustic	impulse	
resonance	 frequency	 sensor	 and	 a	 miniaturized	 visible/near	 infrared	 (VIS/NIR)	
spectrometer	 to	predict	apple	flesh	firmness	directly	on	 the	 tree	and	 its	shelf	 life.	
Partial	least-squares	calibration	models	on	acoustic	data	and	VIS	spectra	of	Golden	
Delicious/Idared	apple	tree	fruits	were	built	for	predicting	fruit	flesh	firmness.	They	
obtained	coefficients	of	determination	(R2	=	0.93/0.81)	and	standard	errors	of	cross	
validation	(SECV	= 7.73/10.50	N/cm2)	for	firmness	measured	on	tree	fruits	and	dur-
ing	their	shelf	life,	respectively.

3.2.1.7  Time-Resolved Diffuse Spectroscopy (TRS)
Time-resolved	reflectance	spectroscopy	(TRS)	is	a	nondestructive	method	for	opti-
cal	characterization	of	highly	diffusive	media.	In	TRS,	a	short	laser	light	pulse	is	
injected	 into	 the	 medium	 to	 be	 analyzed.	 Due	 to	 photon	 absorption	 and	 scatter-
ing	events,	the	diffusely	reflected	pulse	is	attenuated,	broadened,	and	delayed.	The	
absorption	coefficient	μa	and	the	transport	scattering	coefficient	μ’s	are	simultane-
ously	and	independently	estimated	by	fitting	the	time	distribution	of	the	diffusely	
reflected	 light	 pulse.	 This	 is	 detected	 by	 time-correlated	 single	 photon	 counting	
techniques	with	a	theoretical	model	of	light	propagation.	In	TRS,	light	penetration	
into	a	diffusive	medium	depends	on	the	optical	properties	of	the	medium	as	well	as	
on	the	source–detector	distance.	In	most	biological	tissues	such	as	fruits	and	veg-
etables,	the	depth	of	the	probed	volume	is	of	the	same	order	as	the	source–detector	
distance,	which	is	1–2	cm	(Cubeddu	et	al.,	1999).	Consequently,	the	measurements	
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probe	the	bulk	properties,	not	the	superficial	ones,	and	may	provide	useful	informa-
tion	on	 internal	quality.	The	 scattering	 coefficient μ’s	 is	 associated	with	 the	 fruit	
structure	while	the	absorption	coefficient	μa is	associated	with	the	chemical	com-
position	of	the	fruit.

Valero	 (2001)	 classified	 apples,	 peaches,	 tomatoes,	 and	 kiwis	 into	 three	 cat-
egories	according	to	their	firmness	and	used	TRS	coefficients	to	make	a	parallel	
classification,	classifying	correctly	76%	of	apples,	77%	of	peaches,	81%	of	toma-
toes,	and	75%	of	kiwis.	Nicolaï	et	al.	(2008)	observed	a	highly	nonlinear	relation-
ship	between	scattering	coefficients	at	900 nm	and	firmness	of	Conference	pears.	
Vangdal	et	al.	(2008)	found	that	the	TRS	absorption	at	670	nm	was	closely	related	
to	 firmness	 of	 Jubileum	 plums	 at	 the	 moment	 of	 picking.	 Less-ripe	 plums	 had	
higher	absorption	coefficients	at	670	nm	than	riper	plums.	Zerbinni	et	al.	(2009)	
concluded	that	the	maturity	of	nectarines	at	harvest	can	be	assessed	by	measuring	
the	absorption	coefficient	at	670	nm,	near	the	chlorophyll	peak,	in	the	fruit	flesh.	
They	used	TRS	to	assess	the	maturity	stage	of	nectarines	and	their	ability	to	be	
shelf	life	stored	and	transported	without	losing	their	textural	quality.	They	devel-
oped	a	kinetic	model	linking	the	absorption	coefficient	measured	at	the	moment	
of	harvest to	firmness	decrease	during	the	ripening	of	the	nectarines.	Using	this	
methodology,	it	would	be	possible	to	assign	differently	sorted	nectarines	on	board	
a	truck	depending	on	the	final	market	(different	destinations	or	different	market	
segments),	so	facilitating	fruit	management.

3.2.1.8  NMR Spectroscopy and Magnetic Resonance Imaging
Nuclear	magnetic	resonance	(NMR)	technique	measures	internal	features	based	on	the	
magnetic	properties	of	the	nucleus	of	atoms	making	up	a	material.	NMR	techniques	have	
been	used	for	examining	foods	since	1950.	NMR	is	sensitive	to	the	presence	of	mobile	
water,	 oil,	 and	 sugar,	 which	 are	 major	 components	 of	 agricultural	 materials.	 NMR	
devices	are	very	expensive	and	their	use	is	so	far	limited	to	research	applications.

Thybo	 et	 al.	 (2004)	 used	 NMR	 imaging,	 the	 so-called	 magnetic	 resonance	
imaging	(MRI),	 to	predict	sensory	quality	attributes	of	raw	potatoes.	They	con-
cluded	that	MRI,	in	addition	to	giving	well-known	information	about	water	distri-
bution,	also	provides	information	about	anatomic	structures	within	raw	potatoes.	
This	 information	 is	 of	 importance	 for	 the	 perceived	 textural	 properties	 of	 the	
cooked	potatoes.	Zhou	and	Li	 (2007)	applied	 texture	analysis	 (TA)	of	magnetic	
resonance	images	to	predict	firmness	of	Huanghua	pears	(Pyrus pyrifolia Nakai,	
cv.	Huanghua)	during	storage	using	an	ANN.	The	optimal	ANN	model	was	able	to	
predict	the	firmness	of	the	pears	with	a	mean	absolute	error	(MAE)	of	0.539	N	and	
R	=	0.969.	Quevedo	and	Aguilera	(2008)	used	computer	vision	and	a	stereoscopy	
technique	to	characterize	and	detect	changes	in	the	capacity	of	the	salmon	fillet	
surface	to	recover	its	original	form	after	a	constant	weight	was	applied.	A	curva-
ture	index	associated	with	fillet	firmness,	calculated	by	means	of	3D	information	
data	obtained	with	the	stereoscopy	technique	from	the	fat	stripe	on	the	fillets,	was	
estimated	 over	 6  months	 and	 was	 suggested	 as	 a	 characteristic	 of	 the	 recovery	
property	of	the	fresh	salmon	fillet	surface.
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3.2.2  Novel TechNiques for crispNess measuremeNT

Crispy	and	crunchy	textures	are	desirable	qualities	for	many	foods,	mainly	for	dry	
foods.	Sterling	and	Simon	(1954)	reported	that	crispness	as	applied	to	the	texture	of	
a	food	product	is	not	a	well-defined	term	because	crispness	in	one	commodity	does	
not	mean	the	same	textural	quality	as	crispness	in	another	food	(e.g.,	crispness	in	
fresh	lettuce	as	compared	with	crispness	in	potato	chips).	They	proposed	a	defini-
tion	for	crispness	as	the	quality	of	fracturing	under	relatively	slight	distortion.	Jowitt	
(1974)	recognized	two	types	of	crispness:	one	type	in	fruits	and	vegetables	such	as	
apples,	celery,	and	lettuce,	and	the	other	type	in	porous,	dry	foods,	such	as	crackers	
and	potato	 chips.	He	defined	 crispness	perceived	 in	 fruits	 and	vegetables	 as	 “the	
textural	property	manifested	by	a	tendency	to	yield	suddenly	with	a	characteristic	
sound	when	subjected	to	an	applied	force”	p.	52.	He	preferred	the	term	brittleness	
to	denote	crispness	in	dry	foods.	Szczesniak	(1987)	reported	that	94%	of	consum-
ers	classified	crisp	foods	in	three	categories:	raw	fruits	and	vegetables,	farinaceous	
products,	and	fried	products.	She	concluded	that	responses	from	consumers	suggest	
that	a	crisp	food	may	be	defined	as	one	that	is	firm	and	snaps	easily	when	deformed	
emitting	a	crunchy/crackly	sound.	Szczesniak	and	Kahn	(1971)	reached	the	conclu-
sion	 that	“Crispness	appears	 to	be	 the	most	versatile	 single	 texture	parameter.”	 It	
is	particularly	good	as	an	appetizer	and	as	a	stimulant	to	active	eating.	It	is	notable	
as	 a	 popular	 accent-contributing	 or	 dramatizing	 characteristic.	 Crispness	 is	 very	
prominent	 in	texture	combinations	that	mark	excellent	cooking	and	is	nearly	syn-
onymous	with	freshness	and	wholesomeness.	Crispness	is	particularly	appreciated	
in	Oriental	cuisine,	and	in	contrast	to	the	English	language,	which	uses	essentially	
only	three	words,	crisp,	crunchy,	and	brittle,	Japanese	and	Chinese	languages	use	
up	to	forty	and	eleven	words,	respectively	(Szczesniak,	1987).	Fillion	and	Kilkast	
(2002)	reported	that	they	are	complex	concepts	that	combine	a	wide	range	of	percep-
tions	 such	as	 fracture	 characteristics,	 sound,	density,	 and	geometry,	 and	also	 that	
there	is	better	agreement	on	the	meaning	and	use	of	crunchy	terms	by	consumers	
and	panelists	than	for	crispy	terms.	They	reported	that	crispy	would	refer	to	a	light	
thin	texture	producing	a	sharp	clean	break	with	a	high-pitched	sound	when	a	force	is	
applied,	mainly	during	the	first	bite	with	the	front	teeth.	In	contrast,	crunchy	would	
be	associated	with	a	hard	and	dense	texture	that	fractures	without	prior	deformation,	
producing	a	loud,	low-pitched	sound	that	is	repeated	over	several	chews.

Although	sensory	analysis	gives	a	more	complete	description	of	 the	 texture	of	
tested	products,	there	has	been	great	interest	in	developing	instrumental	techniques	
for	the	assessment	of	the	crispness	of	foods.	These	techniques	are	based	mainly	on	
mechanical,	acoustic,	and	ultrasonic	tests.

3.2.2.1  Mechanical Measurement of Crispness
The	most	commonly	used	tests	can	be	categorized	into	three	groups:	flexure,	shear,	
and	compression	tests.	Sterling	and	Simone	(1954)	used	a	mechanical	test	to	evalu-
ate	almond’s	crispness	and	proposed	the	amount	of	deflection	of	a	bar	from	the	first	
contact	to	the	fracture	of	the	almond	as	an	index	of	the	crispness.	Katz	and	Labuza	
(1981)	evaluated	the	crispness	of	several	foods	using	a	sensory	test	and	an	Instron	
machine.	They	used	different	types	of	cutting	devices	and	concluded	that	shear	force	
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could	be	used	as	an	indicator	of	crispness	in	expanded	cereals.	Stanley	(1986)	used	
a	Universal	Texture	Analyzer	and	proposed	the	number	of	peaks	before	fracture	for	
the	determination	of	crispness	in	puffed	cereal.	Valles	Pàmies	et	al.	(2000)	used	a	
puncture	test	for	crispness	assessment.	They	calculated	the	average	of	the	punctur-
ing	force	(integral	of	force–time),	the	number	of	spatial	ruptures	(NSRs;	ratio	of	the	
total	number	of	peaks	to	the	distance	of	puncturing),	the	average	specific	force	of	
structural	ruptures	(ratio	of	the	sum	of	force	drops	per	peak	to	the	number	of	peaks),	
and	 the	 crispness	 work	 (ratio	 of	 the	 average	 puncturing	 force	 to	 the	 NSR).	 NSR	
and	puncturing	force	were	found	to	correlate	with	sensory	crispness	and	hardness,	
respectively.	Onwulata	et	al.	(2001)	determined	the	breaking	strength	index	(BSI)	of	
some	extruded	foods	using	a	texture	analyzer	(TA-XT2	from	Stable	Micro	Systems,	
Surrey,	England).	This	index	is	defined	as	the	ratio	between	the	peak	breaking	force	
(N)	 and	 the	extrudate	 radium	(mm).	Veronica	et	 al.	 (2006)	demonstrated	 that	 the	
results	from	texture	profile	analysis	(TPA)	correlated	well	with	those	from	sensory	
analysis.	These	mechanical	methods	to	measure	food	crispness	are	destructive	and	
cannot	be	installed	on-line.

3.2.2.2  Acoustic Measurement of Crispness
As	 crispness	 has	 an	 auditory	 component,	 it	 is	 not	 surprising	 that	 some	 methods,	
developed	to	study	crispness,	have	focused	on	the	sounds	generated	at	fracture,	the	
sound	being	recorded	during	instrumental	crushing	or	during	mastication.	Acoustic	
methods	to	characterize	crispness	of	foods	have	recently	been	developed.	Liu	and	
Tan	 (1999)	 used	 sound	 signal	 features	 to	 accurately	 predict	 sensory	 crispness	 of	
snack	food	products,	which	were	sensory	evaluated	by	a	trained	sensory	panel.	They	
used	an	audio	recording	system	that	consisted	of	a	super	omnidirectional	dynamic	
microphone,	a	Creative	Sound	Blaster	16	sound	card,	and	a	Waver	Studio	hosted	by	a	
Pentium	personal	computer.	To	mimic	human	biting	with	molars,	a	pair	of	pliers	with	
two	parallel	plates	was	used	to	crush	the	samples.	Principal	component	regression	
and	neural	network	techniques	were	used	to	determine	the	usefulness	of	the	sound	
signal	features	as	predictors	of	sensory	crispness.	They	developed	a	model	able	to	
predict	 sensory	 crispness	 with	 an	 R2	 of	 0.89	 and	 concluded	 that	 it	 is	 possible	 to	
use	sound	signals	for	crispness	evaluation.	Srisawas	and	Jindal	(2003)	used	acoustic	
signals	for	predicting	crispness	of	snack	products.	A	9-V	DC-powered	microphone	
connected	to	an	analog-to-digital	converter	was	used	for	sound	signal	acquisition.	
The	voltage	output	of	the	microphone	in	the	form	of	amplitude-time	signal	was	con-
verted	into	a	power	spectrum	of	frequencies	using	Pico	FFT	built-in	software,	and	
displayed	on	a	PC.	To	simulate	biting	with	incisors,	a	pair	of	pincers	having	a	cut-
ting	area	of	13	mm	in	length	was	used.	They	used	neural	networks	to	analyze	the	
frequency	domain	spectra	of	acoustic	patterns	and	developed	a	probabilistic	neural	
network	(PNN)	model	for	classifying	snack	foods	into	four	grades	of	sensory	crisp-
ness	with	a	prediction	accuracy	of	approximately	96%	to	98%.	Sakurai	et	al.	(2005)	
evaluated	the	texture	of	persimmon	fruits	by	an	acoustic	measurement	of	crispness	
(AMC)	and	by	a	laser	Doppler	vibrometer	(DLV).	Laser	Doppler	measurement	was	
carried	out	by	placing	the	fruit	on	a	vibrator	stage	(model	513-B,	Emic,	Tokio),	and	
vibrating	by	sinusoidal	signals	from	0	to	2	kHz	generated	by	a	fast	Fourier	trans-
formation	 (FFT)	 program.	 The	 signal	 was	 sent	 to	 a	 vibrator	 amplifier	 through	 a	
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soundboard	of	a	personal	computer.	A	laser	beam	was	focused	on	a	reflecting	tape	
on	the	top	of	the	fruit.	The	signal	response	at	the	top	of	the	fruit	was	measured	by	an	
LDV.	Vibration	at	the	vibrator	stage	was	monitored	by	an	accelerometer.	The	signal	
from	the	LDV	was	sent	 to	 the	computer	 through	channel	A	of	a	signal	separator,	
and	that	from	the	accelerometer	through	channel	B.	Frequency	response	of	the	fruit	
to	the	vibration	was	obtained	with	the	FFT	program	after	subtracting	the	signal	of	
the	vibrator	stage	(B)	from	that	at	the	top	of	the	fruit	(A).	A	second	resonant	peak	
was	used	for	the	calculation	of	elasticity.	An	AMC	probe	with	conical	tip	to	which	
a	piezoelectric	film	was	attached	to	its	proximal	end	was	inserted	into	the	mesocarp	
tissue	and	the	acoustic	vibration	up	to	10	kHz	was	recorded.	The	signal	was	trans-
formed	to	a	frequency	spectrum	by	a	fast	Fourier	transformation.	They	calculated	
a	texture	parameter,	called	the	sharpness index,	by	summation	of	signal	intensities	
over	 the	spectrum	of	AMC	data;	 the	high-frequency	 intensities	were	enhanced	 to	
compensate	 for	 the	 limited	human	hearing	capacity.	The	 sharpness	 index	 signifi-
cantly	correlated	with	sensory	crispness.	Using	 this	methodology,	Taniwaki	et	al.	
(2006)	 developed	 a	 device	 that	 enables	 direct	 measurement	 of	 food	 texture.	 The	
device	 is	equipped	with	 three	parts	because	humans	use	 three	organs	 to	evaluate	
food	texture:	teeth,	nerves,	and	brain.	A	probe	represents	the	teeth,	a	piezoelectric	
sensor	 the	nerves,	 and	 a	 computer	 the	brain.	The	probe	was	 inserted	 into	 a	 food	
sample	and	the	sensor	detected	the	vibrations	produced	by	the	fracture	of	the	sample.	
The	device	can	measure	acoustical	vibrations	that	are	created	during	the	fracture	of	a	
food	sample	over	a	wide	range	of	audio	frequencies	(0–25,600	Hz).	The	obtained	sig-
nals	are	filtered	using	a	half-octave	multifilter	to	calculate	the	texture	index	(TI)	for	
each	frequency	band.	Taniwaki	et	al.	(2009a)	investigated	the	time-course	changes	
in	the	elasticity	index	(EI),	calculated	from	the	results	of	a	nondestructive	vibrational	
method	employing	an	LDV,	and	the	TI	calculated	from	the	results	of	the	acoustic	test	
of	two	persimmon	(Diospyros kaki Thunb.)	cultivars	(Fuyu	and	Taishuu)	during	the	
postharvest	period.	They	defined	the	EI	index	as EI = f2 m2/3,	where	f2	is	the	second	
resonance	frequency	of	a	sample,	and	m	is	the	mass	of	the	sample.	The	TI	was	cal-
culated	by	summing	up	the	amplitude	of	the	texture	signals	and	dividing	by	the	data	
length	TI = 1/T)∑|Vi|,	where	T	(s)	is	the	sampling	period	and	Vi	(V),	the	amplitude	of	
each	data	point.	They	concluded	that	both	indexes	can	be	used	to	determine	the	opti-
mum	eating	ripeness	of	persimmons.	The	texture	index	reflects	the	level	of	sound	
generated	per	second	when	a	sample	is	masticated	and	has	been	used	to	evaluate	the	
texture	of	persimmons,	apples,	pears,	potato	chips,	and	blanched	bunching	onions.	
Taniwaki	et	al.	(2009b)	quantified	the	texture	of	pears	during	ripening	with	TI	and	
found	that	TI	declined	gradually	over	a	wide	frequency	range	as	the	pear	samples	
ripened.	Taniwaki	et	al.	(2010)	calculated	the	TI	for	four	kinds	of	potato	chips	using	
a	probe	with	a	5-mm	width,	a	20-mm-long	wedge,	and	with	a	30º	chisel	tip	angle.	
The	probe	speed	was	22	mms−1.	This	speed	was	estimated	to	be	within	the	range	of	a	
typical	human’s	mastication	speed	(Roudaut	et	al.	2002).	The	probe	tip	was	perpen-
dicular	to	the	curvature	of	a	potato	chip	so	that	the	edge	of	the	probe	tip	contacts	the	
surface	of	the	sample	in	unison.	Vibration	amplitudes	(V),	which	reflect	the	variation	
in	load	applied	to	the	probe,	are	detected	by	a	piezoelectric	sensor	that	is	1	mm	thick	
and	10	mm	in	diameter	(2Z10D-SYX,	Fuji	Ceramics	Corp.,	Fuji,	Japan).	The	signal	
detection	covers	a	wide	audio	frequency	range	(0–25,	600	Hz).	A	sample	was	placed	
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with	its	edge	on	the	acrylic	plate	so	that	the	friction	between	the	sample	and	the	plate	
helped	to	minimize	the	movement	of	the	sample	during	the	measurement.	The	data	
sampling	rate	was	80	kHz.	The	texture	signals	obtained	were	filtered	into	19	bands	
using	a	half-octave	multifilter	for	analyses	in	the	frequency	domain.	Three	selected	
parts	of	the	acoustic	vibration	signals	were	used	to	evaluate	potato	chip	texture:	the	
anterior	 part	 between	 the	 contact	 of	 the	 probe	 with	 a	 sample,	 the	 major	 fracture	
part,	and	the	full	texture	signals.	The	results	showed	that	TI,	which	was	calculated	
using	the	major	fracture	part,	is	the	index	that	most	clearly	distinguished	the	texture	
characteristics	of	potato	chips	with	differing	degrees	of	crispness	and	thickness.	The	
filtered	data	of	each	frequency	band	was	subjected	to	quantification	using	a	texture	
index	(TI)	defined	by	Equation	(3.3)	(Taniwaki	and	Sakurai,	2008):
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where	fl	(Hz)	represents	the	lower	limit	and	fu	(Hz)	the	upper	limit	of	each	frequency	
band	as	determined	by	the	half-octave	multifilter,	Vi	(V)	is	the	amplitude	of	the	tex-
ture	signal,	and	n	is	the	number	of	data	points.	They	concluded	that	a	TI	above	1600	
Hz	reflected	the	crispness	of	potato	chips.

Chen	 et	 al.	 (2005)	 used	 an	 acoustic	 envelope	 detector	 (AED)	 attached	 to	 the	
Texture	 Analyzer	 to	 assess	 the	 crispness	 of	 six	 kinds	 of	 biscuits.	 The	 AED	 has	
been	recently	developed	by	the	manufacturer	of	the	Texture	Analyzer,	Stable	Micro	
Systems	(Surrey,	U.K.)	with	a	5-kg	load	cell.	The	device	can	be	easily	attached	to	the	
Texture	Analyzer	as	an	additional	fixture,	so	that	both	mechanical	force	and	acoustic	
signals	can	be	detected	at	the	same	time.	The	background	noise	was	screened	out	
by	the	filter	function	of	the	device,	removing	mechanical	noise	and	acoustic	noise	
below	1	kHz.	This	gives	significantly	enhanced	signal-to-noise	ratios	because	of	the	
preponderance	of	environmental	noise	below	the	chosen	cutoff.	The	Brüel	and	Kjær	
free-field	microphone	(Bruel	and	Kjaer,	Naerum,	Denmark)	(8-mm	diameter)	was	
calibrated	using	 the	acoustic	calibrator	 type	4231	 (94	and	114	dB	sound	pressure	
level	[SPL],1000	Hz).	A	three-point	bending	device	was	used	for	the	breakup	of	bis-
cuits.	The	span	width	was	60	mm	for	all	the	biscuits.	The	motion	of	the	load	cell	was	
set	at	three	different	speeds:	0.01,	0.1,	and	1.0	mm/s.	Each	test	speed	was	repeated	
at	least	eight	times	and	the	average	of	the	test	results	was	used	for	data	analysis.	The	
integration	 time	 for	 acoustic	 signal	 analysis	 was	 set	 at	 two	 different	 values	 (1.25	
and	0.25	ms)	by	changing	a	regulating	capacitor	connected	to	the	AED.	The	force	
resolution	 is	0.1	g	and	 the	 range	 resolution	 is	0.01	mm.	The	data	acquisition	 rate	
was	 500	 points	 per	 second	 for	 both	 force	 and	 acoustic	 signals.	 The	 acoustic	 and	
the	force–displacement	signals	were	recorded	simultaneously	during	the	breakup	of	
the	biscuits.	For	each	detected	acoustic	signal,	there	was	a	sudden	drop	in	the	com-
pression	force.	The	analysis	of	the	force–displacement	curve	demonstrated	the	links	
between	the	second	derivative	of	the	force	curve	and	the	acoustic	event,	indicating	
the	energy	released	through	the	air	of	these	crack	events.	The	acoustic	behavior	of	
the	biscuits	was	assessed	in	terms	of	maximum	sound	pressure	level	and	the	number	
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of	 acoustic	 events,	which	were	 further	 interpreted	 as	 the	 acoustic	 events	per	unit	
area	of	newly	created	surface	area	and	the	acoustic	event	per	unit	time.	The	acoustic	
ranking	of	biscuits	from	instrumental	assessment	was	in	very	good	agreement	with	
that	from	sensory	panel	tests.	The	normal	integration	time	(1.25 ms)	for	the	AED	
was	generally	effective	in	detecting	acoustic	signals	for	crisp	biscuits,	but	a	shorter	
integration	time	(0.25 ms)	was	found	advantageous	in	detecting	acoustic	signals	that	
occur	within	a	very	short	time	period	and	gave	better	differentiation	of	crisp	biscuits.	
Varela	et	al.	 (2006)	used	 the	AED	attached	to	 the	Texture	Analyzer	 to	assess	 the	
crispness	of	 roasted	almonds,	 concluding	 that	 sensory	crispness	can	be	evaluated	
both	acoustically	and	mechanically	and	that	both	measures	are	necessary	to	most	
effectively	describe	crispness.

Chaunier	et	al.	(2005)	studied	the	mechanical	behavior	of	cereal	flakes	and	con-
cluded	that	a	Kramer	cell,	on	an	Instron	testing	machine,	made	it	possible	to	simul-
taneously	 record	 force	 in	 the	 range	 0–5  kN	 and	 sound	 in	 the	 frequency	 domain	
0–22 kHz	during	the	crushing	of	20-mm-thick	beds	of	cereal	flakes	tested	in	bulk.	It	
was	shown	to	be	the	most	reliable	and	efficient	method	for	discrimination. Acoustic	
emission	has	been	shown	to	correlate	with	crispness	perception.	Products	perceived	
as	not	being	crispy	emitted	signals	with	lower	average	amplitude	and	higher	peaks,	
at	 low	frequencies,	 less	 than	3 kHz,	and	opposed	a	high	mechanical	resistance	to	
compression.	 Conversely,	 the	 crispiest	 flakes	 emitted	 sounds	 with	 larger	 average	
amplitude,	 fewer	 high	 peaks,	 and	 uniformly	 distributed	 in	 the	 frequency	 domain	
with	a	moderated	mechanical	resistance.	Cheng	et	al.	(2007)	investigated	the	rela-
tionships	between	sensory	perception	of	crispness	of	cornstarch-whey	protein	iso-
late	extrudates	and	their	mechanical	and	acoustic	properties	during	crushing.	They	
found	high	correlations	between	sensory	attributes	and	instrumentally	determined	
mechanical	properties,	including	crushing	force	and	crispness	work.	They	developed	
a	novel	voice	recognition	technique	utilizing	frequency	spectrograms,	and	used	them	
successfully	for	understanding	the	differences	in	the	sensory	properties	of	various	
products.	This	mechanical-acoustic	technique	has	the	potential	of	reducing	the	time,	
costs,	and	subjectivity	involved	in	evaluation	of	new	foods	by	human	panels,	and	can	
be	a	useful	tool	in	the	overall	product	development	cycle.	Arimi	et	al.	(2010)	devel-
oped	an	acoustic	measurement	 system	 for	 analyzing	crispness	during	mechanical	
and	sensory	testing.	The	acoustic	recording	system	was	used	to	capture	sound	dur-
ing	puncture	and	sensory	tests.	From	the	sound	data,	the	maximum	sound	pressure,	
number	 of	 sound	 peaks,	 sound	 curve	 length,	 and	 area	 under	 the	 amplitude–time	
curve	were	obtained.	The	number	of	force	and	sound	peaks,	spatial	ruptures,	sound	
curve	length,	and	area	under	the	sound	curve	correlated	well	(R2 > 0.77)	with	sensory	
crispness	data.	The	system	is	designed	in	such	a	way	that	it	can	be	used	as	an	attach-
ment	to	any	food	texture–analyzing	system.	In	addition,	the	acoustic	system	can	be	
used	independently	from	a	texture-analyzing	instrument	especially	during	sensory	
evaluation.	Zdunek	et	al.	(2010)	developed	a	new	contact	acoustic	emission	detector	
(CAED)	for	 instrumental	 texture	evaluation	of	apples.	They	developed	calibration	
models	for	sensory	crispness	and	hardness	that	were	able	to	measure	these	proper-
ties	more	accurately	than	puncture	tests	in	terms	of	variance	explained,	root-mean-
square,	and	bias.
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3.2.2.3  Ultrasonic Measurement of Crispness
Povey	and	Harden	(1981)	studied	the	possibility	of	developing	an	objective	method	of	
measuring	the	crispness	of	biscuits	using	the	ultrasonic	pulse	echo	technique.	They	found	
an	encouraging	relationship	between	sensory	crispness	and	the	velocity	of	longitudinal	
sound.	Antonova	et	al.	(2003)	determined	ultrasonic	parameters	and	studied	the	relation-
ship	between	these	parameters	and	sensory	crispness	in	breaded	fried	chicken	nuggets,	
reaching	the	conclusion	that	the	ultrasonic	velocity	could	predict	sensory	crispness.

3.2.3  Novel TechNiques for mealiNess aNd WoolliNess ideNTificaTioN

Mealiness	is	a	negative	textural	attribute	that	appears	in	apples,	tomatoes,	and	other	
fruits.	It	is	characterized	by	a	lack	of	juiciness	and	a	sandy	texture	that	is	perceived	
when	chewing	(Arana	et	al.,	2007).	It	 is	related	to	the	relative	strength	of	the	cell	
wall	and	the	middle	lamella	and	usually	appears	after	cold	storage.	Wooliness	is	a	
physiological	alteration	of	peaches	and	nectarines	characterized	by	dry	and	mealy	
texture,	soft	and	dry	fiber,	lack	of	taste	and	aroma,	diminished	pulp	brightness,	and	
the	impossibility	of	obtaining	juice	from	the	fruit	(Boyes,	1952).

Given	the	sensory	character	of	these	attributes,	it	is	impossible	to	detect	them	in	
the	selection	chain,	so	mealy	and	woolly	fruits	without	sufficient	quality	reach	the	
market.	Therefore,	it	would	be	desirable	to	develop	objective,	nondestructive	meth-
ods	to	evaluate	fruit	mealiness	and	woolliness	on-line.

Mealiness	and	woolliness	have	been	sensory	evaluated	by	means	of	sensory	pan-
els.	This	method	 is	subjective,	destructive,	expensive,	 time	consuming,	and	needs	
expert	 tasters.	 Destructive	 mechanical	 tests	 have	 been	 used	 to	 characterize	 apple	
mealiness	 (Paoletti	et	al.,	1993).	Arana	et	al.	 (2007)	used	a	 texture	analyzer	 (TA.
XT2/25,	Stable	Micro	Systems	[SMS],	London,	U.K.)	to	perform	mechanical	tests	
on	apples,	peaches,	and	nectarines.	A	penetration	test	and	a	puncture	test	were	per-
formed	on	whole	fruits.	A	shear	stress	rupture	test	was	performed	on	fruit	flesh	test	
cylinders	13	mm	in	diameter	and	50	mm	long.	The	test	is	made	by	means	of	a	special	
device	made	of	methacrylate	as	shown	in	Figure 3.5.	The	texture	analyzer	pushes	the	

FIGURE 3.5  Special	device	made	of	methacrylate.
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guillotine	until	the	rupture	of	the	test	tube,	as	shown	in	Figure 3.6. The test	speed	
was	0.3	mm/min	and	the	test	distance	was	15	mm.

They	 concluded	 that	 the	 best	 mechanical	 test	 to	 characterize	 apple	 mealiness	
individually	was	 the	shear	stress	 rupture	 test.	The	correlation	coefficient	between	
mealiness	and	maximum	resistance	to	shear	stress	rupture	test	(N)	was	higher	than	
0.8	with	a	significance	level	lower	than	0.01.	This	test	can	be	also	used	to	evaluate	
the	woolliness	of	peaches	and	nectarines.

In	 recent	years,	nondestructive	 tests	were	developed	 to	evaluate	mealiness	and	
woolliness	of	fruits.	These	tests	are	based	on	impact	response,	quantitative	measure	
of	fruit	juice,	ultrasonic	wave	propagation,	imaging,	NMR	spectroscopy	and	mag-
netic	resonance	imaging,	time	resolved	reflectance	spectroscopy,	chlorophyll	fluo-
rescence,	and	modeling.

3.2.3.1  Impact Response–Based Techniques
Arana	et	al.	(2004)	used	a	nondestructive	impact	test	to	detect	mealy	apples.	The	
fruits	were	sensory	analyzed	and	classified	on	healthy	or	mealy	categories	accord-
ing	 to	 their	 mealiness	 degree.	 They	 found	 that	 mealiness	 was	 intensely	 related	
to	 the	 maximum	 resistance	 to	 impact	 from	 2	 cm	 high	 (F2),	 which	 is	 a	 nonde-
structive	test.	By	means	of	discriminate	analysis,	using	variables	from	the	impact	

FIGURE 3.6  Shear	stress	rupture	test.
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response	 test,	 they	 classified	 apple	 samples	 as	 healthy	 and	 mealy.	 They	 always	
obtained	 healthy	 samples	 having	 a	 lower	 percentage	 of	 mealiness	 than	 original	
samples.	These	authors	did	not	achieve	samples	without	mealy	fruits.	They	used	
signal	detection	tools,	in	particular	receiver	operate	curves	(ROCs),	to	achieve	the	
whole	spectrum	of	discriminate	analyses	produced	by	just	varying	the	cutoff	point	
(Gómez	de	la	Cámara,	1998).	They	also	used	these	tools	to	select	the	type	of	statis-
tical	analysis	according	to	the	goal,	which	could	be	to	get	samples	without	mealy	
apples,	 to	maximize	the	textural	quality	of	the	sample,	or	to	minimize	the	addi-
tional	classification	cost.	They	defined,	in	terms	of	the	results	of	the	discriminate	
analysis,	a	quality	index	(Q),	and	a	cost	index	(C).	The	quality	index	can	be	defined	
as	the	percentage	of	mealy	apples	in	the	classified	sample,	while	the	cost	index	is	
the	additional	cost	of	 the	classification.	They	defined	Equation	 (3.4)	 to	calculate	
the	quality	of	 the	apple	sample	classified	as	healthy	depending	on	 the	statistical	
parameters	of	the	sample.

Q	=	1	–	VPP	=	FP/(VP	+	FP)
	 		=	(1	−	Pr)	×	(1	−	Sp)/[(×	(1	−	Sp)	×	(1	−	Pr)	+	Se	×	Pr]	 	 	 	 	 	 	 	 	 (3.4)

They	 defined	 Equation	 (3.5)	 to	 calculate	 the	 additional	 cost	 of	 the	 classification,	
depending	on	the	cited	parameters,

	 C	=	FN/(VP	+	FP)	=	Pr	×	(1	−	Se)/[(1	−	Sp)	×	(1	−	Pr)	+	Se	×	Pr]	 (3.	5)

where	VPP is	the	positive	predictor	value,	FP	is	the	positive	false,	VP	is	the	positive	
true,	Pr is	the	prevalence,	Sp	is	the	specificity,	and	Se	is	the	sensitivity.

As	 the	 textural	 quality	 of	 the	 sample	 increases,	 Q	 tends	 to	 zero	 and	 the	 cost	
improves	if	sensitivity	improves	and	specificity	decreases.

Using	 ROCs	 and	 nondestructive	 impact	 variables,	 it	 was	 possible	 to	 obtain	
samples	of	Golden	Delicious	and	Top	Red	apple	cultivars	free	of	mealy	fruits.	The	
authors	concluded	that	the	lower	limit	for	maximum	resistance	in	the	nondestructive	
test	that	ensures	the	lack	of	mealy	fruits	was	16	N	for	Golden	Delicious	apples	and	
19	N	for	Top	Red	apples.

Using	 the	 same	 methodology,	 Arana	 et	 al.	 (2005)	 obtained	 samples	 lacking	
woolly	nectarines	from	Fairlane	and	Festina	cultivars.	The	lower	limit	for	maximum	
resistance	in	the	nondestructive	test,	from	5	cm	height	(F5)	that	ensures	the	lack	of	
woolly	fruits	was	25	N	for	Fairlane	nectarines	and	20	N	for	Festina	nectarines.

Figures 3.7	and	3.8	show	the	quality	of	the	classified	sample	and	the	additional	
cost	of	classification	depending	on	the	minimum	value	allowed	for	 the	maximum	
resistance	opposed	by	the	fruit	during	the	nondestructive	 impact	 test.	The	quality	
and	the	cost	increase	when	the	minimum	allowed	value	for	F5	increases.

3.2.3.2  Quantitative Methods Based on Free Juice
Mealiness	and	woolliness	are	 related	 to	 the	 lack	of	 free	 juice	during	mastication.	
Therefore,	there	should	be	an	inverse	relationship	between	the	amount	of	free	juice	
and	mealiness	and	woolliness.	Crisosto	and	Labavitch	(2002)	extracted	the	juice	of	
samples	of	tissue	of	peaches	and	nectarines	by	subjecting	fruit	tissue	to	a	pressing	
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force	of	667	N	for	1	minute	after	centrifugation.	The	supernatant	was	weighed	and	
used	as	a	measure	of	the	amount	of	free	juice.	The	percentage	of	fruit	juice	was	more	
sensitive	and	it	had	a	higher	correlation	to	sensory	woolliness.	Arana	et	al.	(2007)	
performed	a	confined	compression	test	on	apple,	peach,	and	nectarine	flesh	cylin-
ders	17	mm	in	diameter	and	17	mm	long.	The	fruit	flesh	cylinders	are	confined	in	a	
special	device	located	on	drying	paper.	The	texture	analyzer	pushes	the	load	cylin-
der	with	a	speed	of	0.3	mm	min−1	until	the	maximum	deformation	of	the	fruit	pulp	
cylinder	of	2.5	mm	is	reached,	as	shown	in	Figure 3.9.	As	the	cylinder	of	fruit	pulp	is	
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FIGURE 3.7  Textural	quality	of	the	apple	sample	achieved	depending	on	the	lower	limit	
chosen	for	the	maximum	resistance	exerted	by	the	apple	during	the	impact	test.
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FIGURE 3.8  Additional	cost	of	the	classification	method	depending	on	the	lower	limit	cho-
sen	for	the	maximum	resistance	exerted	by	the	apple	during	the	impact	test.
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compressed,	an	amount	of	juice	comes	off	and	is	gathered	in	the	drying	paper.	The	
area	(cm2)	stained	by	the	juice	is	calculated	by	an	image	analysis	as	a	measure	of	the	
fruit	juiciness	and	is	related	to	mealiness	and	woolliness.

3.2.3.3  Ultrasonic Wave Propagation Methods
Mizrach	et	al.	(2003)	used	ultrasonic	energy	absorbance	for	nondestructive	determi-
nation	of	three	mealiness	levels	(fresh,	ripe,	and	overripe)	in	Jonagold	and	Cox	apples.	
Their	results	suggested	that	it	is	possible	to	distinguish	among	three	mealiness	levels	
in	Jonagold	apples.	Bechar	et	al.	(2005)	developed	an	ultrasonic	system	comprising	
a	high-power	generator	and	a	pair	of	80-kHz	ultrasonic	transducers	for	nondestruc-
tive	measurement	of	 the	 three	cited	mealiness	 levels.	One	 transducer,	 acting	as	a	
transmitter,	sends	a	pulse	through	the	apple	tissue,	which	absorbs	part	of	its	energy	
depending	on	its	internal	textural	attributes,	and	the	transmitted	pulse	is	received	as	
an	emerging	signal	by	the	other	transducer.	The	detected	ultrasound	waves	and	the	
determination	of	the	mealiness	level,	using	a	destructive	confined	compression	test,	
were	analyzed	in	parallel.	The	results	obtained	for	Cox	apples	showed	a	high	correla-
tion	between	the	ultrasound	measurements	and	the	confined-compression	destruc-
tive	 tests	 for	each	mealiness	 level.	Verlinden	et	al.	 (2004)	evaluated	 the	ability	of	
ultrasonic	propagation	waves	to	measure	chilling	injury	in	tomatoes.	They	found	that	
the	 attenuation	of	50-kHz	ultrasonic	waves	 increased	when	chilling	 injury	devel-
oped,	but	only	when	tomatoes	were	harvested	at	a	mature	stage.

3.2.3.4  Techniques Based on Imaging
De	Smedt	et	al.	(1998)	visualized	and	quantified	the	differences	between	fresh	and	
mealy	apples	using	images	made	with	a	light	microscope.	They	were	able	to	identify	

FIGURE 3.9  Confined	compression	test.
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fresh	and	mealy	apples	using	four	cell	parameters	such	as	area	and	perimeter	and	two	
roundness	parameters	measured	from	the	images.	They	also	found	that	the	amount	
of	broken	cells	at	the	surface	of	a	fractured	sample	after	a	tensile	loading	test	was	
significantly	lower	for	mealy	fruits	than	for	fresh	fruits.	Zhu	et	al.	(2010)	proposed	a	
supervised	locally	linear	embedding	(SLLE)	coupled	with	support	vector	machines	
(SVM)	 to	detect	mealiness	 in	apples	using	hyperspectral	 scattering	 images.	They	
concluded	that	SLLE-SVM	method	would	provide	an	effective	classification	method	
for	apple	mealiness	detection	using	the	hyperspectral	scattering	technique.	Huang	
and	 Lu	 (2010)	 used	 the	 hyperspectral	 scattering	 technique	 for	 detecting	 mealy	
apples.	The	spectral	scattering	profiles	at	individual	wavelengths	were	quantified	by	
relative	mean	reflectance	for	a	10-mm	scattering	distance	for	the	test	apples.	The	ref-
erence	mealiness	of	the	apples	was	determined	by	the	instrumental	hardness	and	the	
juiciness	measured	by	means	of	a	confined	compression	test	using	the	cited	special	
device	on	drying	paper.	PLS	discriminant	models	were	built	for	two	classes	(mealy	
and	non-mealy).	The	overall	accuracies	were	between	74.6%	and	86.7%	when	all	the	
fruits	were	studied,	and	increased	up	to	93%	when	only	fruits	stored	for	4–5	weeks	
at	20ºC	and	95%	relative	humidity	were	analyzed.

3.2.3.5   Mealiness and Woolliness Detection Using NMR 
Spectroscopy and Magnetic Resonance Imaging

Mealiness	and	wooliness	are	related	to	the	lack	of	juiciness,	and	nuclear	magnetic	
resonance	is	sensitive	to	the	presence	of	mobile	water.	Therefore,	NMR	could	be	a	
useful	tool	to	identify	mealy	and	woolly	fruits.

Sonego	et	al.	(1995)	detected	woolly	breakdown	in	nectarines	using	NMR	spec-
troscopy.	Woolly	breakdown	was	detectable	by	NMR	 imaging	as	dark	areas	 cor-
responding	 to	 low	 proton	 density.	 Barreiro	 et	 al.	 (1999)	 used	 MRI	 techniques	 to	
identify	 mealy	 apples.	 They	 identified	 mealy	 and	 nonmealy	 apples	 and	 recorded	
multi-slice,	multi-echo	magnetic	resonance	images	(64–64	pixels)	with	an	8-ms	echo	
time.	Minimum	T2	values	obtained	for	mealy	apples	were	significantly	lower	(F	=	
13.21)	when	compared	with	nonmealy	apples.	This	 seems	 to	 indicate	 that	a	more	
desegregated	structure	and	a	lower	juiciness	content	leads	to	lower	T2	signal.	Also,	
there	is	a	significant	linear	correlation	(r =	−0.76)	between	the	number	of	pixels	with	
a	T2	value	below	35	ms	within	a	fruit	image	and	the	deformation	parameter	regis-
tered	during	 the	Magness-Taylor	firmness	 test.	 In	addition,	all	T2	maps	of	mealy	
apples	show	a	regional	variation	of	contrast	that	is	not	shown	for	nonmealy	apples.	
Significant	differences	(F	=	19.43)	between	mealy	and	nonmealy	apples	are	found	in	
the	histograms	of	the	T2	maps.	Mealy	apples	show	a	skew	histogram	combined	with	
a	“tail”	in	their	high	T2	extreme,	which	is	not	shown	in	the	histograms	of	nonmealy	
apples.	 Barreiro	 et	 al.	 (2000)	 validated	 these	 results	 using	 mathematical	 features	
from	the	histograms	of	the	T2	maps	and	used	the	MRI	technique	to	identify	woolly	
peaches.	The	presence	of	a	clear	halo	in	the	T2	maps	of	woolly	peaches	indicates	
variations	in	water	mobility.	Using	the	parameter	“number	of	pixels	below	60	ms,”	
woolly	peaches	can	be	 segregated.	Marigheto	et	 al.	 (2008)	used	 two-dimensional	
NMR	 relaxation	 and	 diffusion	 techniques	 to	 characterize	 apple	 mealiness.	 They	
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found	that	the	T1	of	the	peak	associated	with	the	cell	wall	in	mealy	apples	is	much	
longer	than	that	of	fresh	apples,	which	could	be	used	to	identify	mealy	apples.

3.2.3.6  Time-Resolved Reflectance Spectroscopy (TRS) Techniques
Valero	et	al.	(2005)	used	time-resolved	laser	reflectance	spectroscopy	to	determine	
apple	mealiness.	They	 instrumentally	classified	Golden	Delicious	and	Cox	apples	
on	mealy	and	nonmealy	fruits	using	a	confined	compression	test.	The	optical	coef-
ficients	were	used	as	explanatory	variables	to	build	discriminant	functions	for	meali-
ness.	They	used	fifteen	TRS	variables	to	develop	a	calibration	model	that	classified	
correctly	98%	of	the	apples	into	two	categories:	mealy	and	nonmealy.	A	validation	
test	 was	 performed	 using	 independent	 samples	 showing	 that	 80%	 of	 the	 samples	
were	correctly	classified.	When	trying	to	estimate	three	texture	stages	(fresh,	non-
mealy,	and	mealy)	with	TRS,	the	performance	of	the	new	models	decreased	from	
98%	to	71%	and	the	percentage	of	validation	decreased	to	51%.

3.2.3.7  Methods Based on Chlorophyll Fluorescence
Fluorescence	is	the	emission	of	light	by	a	substance	that	has	absorbed	light	or	other	
electromagnetic	radiation	of	a	different	wavelength.	The	main	application	of	fluores-
cence	is	chlorophyll	fluorescence.	Fluorescence	measurements	of	chlorophyll-contain-
ing	biological	materials	give	 information	about	photosynthesis	activity.	Chlorophyll	
loss	and	decreasing	photosynthesis	rate	are	usually	coupled	to	progressive	ripening	of	
vegetables.	Tissue	chlorophyll	content	is	impaired	by	injuries	and	stress.

Moshou	et	al.	(2003)	stored	Jonagold	and	Cox	apples	under	different	storage	con-
ditions	to	develop	three	different	mealiness	levels:	not	mealy,	moderate,	and	strongly	
mealy.	The	mealiness	of	apples	was	evaluated	using	the	results	of	destructive	tests.	
The	firmness	of	 the	apples	was	estimated	by	 the	maximum	force	during	penetra-
tion	of	a	plunger	 into	 the	 fruit.	The	hardness	was	determined	by	 the	slope	of	 the	
force–deformation	curve	measured	during	the	compression	test.	Juice	content	was	
determined	by	measuring	the	moistened	area	of	the	filter	paper,	which	was	placed	
under	the	sample	during	the	confined	compression	test.	Soluble	solid	content	(SSC)	
was	measured	by	means	of	a	digital	refractometer.	Chlorophyll	fluorescence	kinetics	
of	the	apples	were	measured;	fluorescence	values	were	found	to	decrease	with	the	
mealiness	 level.	 Classification	 according	 to	 the	 mealiness	 level	 based	 on	 fluores-
cence	measurements	was	more	accurate	than	the	one	based	on	destructive	measure-
ments.	They	suggested	 that	fluorescence	can	be	used	 in	an	automatic	sorting	 line	
to	assess	mealiness.	By	continuing	 the	cited	research,	Moshou	et	al.	 (2005)	fitted	
the	fluorescence	curves	by	a	tenth-order	polynomial	and	the	regressions	coefficients	
were	used	as	input	parameters	in	quadratic	discriminant	analysis	to	assign	the	fruits	
into	different	mealiness	levels.	The	achieved	classification	performance	was	around	
85%.	Having	an	extremely	short	measurement	time,	a	classification	model	using	only	
two	parameters	such	as	the	slope	of	the	fluorescence	curve	at	the	origin	and	the	nor-
malized	fluorescence	at	1	ms,	achieved	a	classification	performance	of	about	80%.

3.2.3.8  The Use of Modeling for Predicting Mealiness
Multiple	linear	regression	models	with	instrumental	parameters	were	calculated	
to	predict	sensorial	attributes	such	as	tomato	mealiness	(Verberke	et	al.	1998).	De	
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Smedt	(2000)	developed	a	mechanistic	model	to	explain	the	resulting	perception	
of	mealiness	during	storage	of	apples.	De	Smedt	et	al.	(2002)	built	a	mathematical	
model	 to	 link	changes	 in	 texture	attributes	 related	 to	mealiness	 to	 the	develop-
ment	of	the	turgor	pressure	of	the	tissue	as	well	as	the	degree	of	hydrolysis	of	the	
middle	lamella.

3.3  CONCLUSIONS

There	is	an	increasing	need	to	characterize	food	firmness	in	a	nondestructive	way	
that	could	be	used	on-line.	Novel	techniques	used	to	characterize	firmness	have	to	be	
objective,	rapid,	and	not	expensive,	and	also	able	to	characterize	the	most	important	
physical	properties	that	characterize	the	quality	of	each	food.

There	are	many	textural	characteristics,	but	for	most	foods,	firmness	and	crisp-
ness	are	the	ones	that	best	characterize	them.	In	addition,	fruits	have	to	be	marketed	
with	sufficient	quality,	which	makes	it	necessary	to	identify	and	remove	fruits	having	
negative	textural	attributes	such	as	mealiness	and	woolliness.

During	 recent	 years,	 nondestructive	 methods	 have	 been	 developed	 to	 measure	
firmness	and	crispness	and	to	classify	fruits	into	categories	according	to	their	firm-
ness	or	crispness.	Methods	to	detect	fruits	so	mealy	or	wooly	that	they	are	unmarket-
able	have	been	developed	too.

Novel	techniques	developed	to	characterize	firmness,	crispness,	mealiness,	and	
woolliness	 are	 similar	 for	 these	 four	 attributes	 and	 are	 based	 on	 nondestructive	
impact	 response,	 microdeformation,	 vibration	 measurements,	 NIR	 spectroscopy,	
ultrasonic	wave	propagation,	imaging	analysis	and	NMR	spectroscopy,	TRS	spec-
troscopy,	 and	 magnetic	 resonance	 imaging.	 These	 novel	 techniques	 require	 more	
development	and	improvement,	but	are	currently	able	to	measure	textural	properties	
of	many	fruits	with	enough	accuracy.
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4 Optical Properties 
of Foods

Begoña Hernández Salueña and 
Carlos Sáenz Gamasa

4.1  INTRODUCTION

By optical properties of a material we understand all those properties that describe 
how the geometrical, spectral, and chromatic characteristics of light are affected 
or modified after its interaction with that material. Within the context of optics, we 
are mainly interested in phenomena restricted to the visible range (i.e., between 380 
and 780 nm), the wavelength interval where the human visual system is sensitive to 
electromagnetic radiation.
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Visible light, hereafter just light, has a fundamental role in our perception of 
the appearance of objects. More than 80% of the information we gather from the 
environment through our senses is collected by the eyes. Not surprisingly, visual 
assessment has a central role in the food industry. If the visual appearance of a food 
product is not acceptable, then other attributes like odor or flavor will not even be 
considered. This leading role of visual appearance makes the study and analysis of 
the optical properties of foods the subject of extensive research. Optical properties 
are generally studied in connection with other parameters and objectives like shelf 
life, quality descriptors, characterization of varieties, visual appearance, consumer 
preferences, effect of storage and processing techniques, or the use of additives.

From a physical perspective, the interaction of light with an object is a com-
plex process. Light falling on an object will be partially reflected, partially absorbed 
and scattered inside the object, and partially transmitted. Reflected light will have, 
in general, a specular or mirrorlike component and a diffuse component. Objects 
that reflect light predominantly in the specular direction will have a glossy appear-
ance. If most of the light is diffusely reflected, the object will have a matte appear-
ance. An object is said to be opaque if the fraction of transmitted light is negligible 
(Figure 4.1). Conversely, an object is said to be transparent if transmitted light cannot 
be neglected. Transmittance can be regular (i.e., in the same direction) that incident 
light, like in a transparent window glass (Figure 4.2), or diffuse as in turbid liquids 
(Figure 4.3).

Reflectance, absorption, and transmittance of light are wavelength-dependent 
processes. The spectral composition of light is modified in a geometrically depen-
dent way and as a result, objects appear colored. The geometrical dependence of the 
spectral composition and intensity of reflected and transmitted light, and therefore 
of color, makes necessary the definition and even the standardization of the mea-
surement geometries. Standard radiometric, photometric, and lighting vocabulary is 
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available to avoid confusion between similar terms with different meanings (CIE, 
1987).

Foods can be found in a great variety of aggregation states: solids, liquids, dusts, 
granules, gels, and so on. In general, food products are inhomogeneously pigmented 
substances, with irregular shapes, sizes, and textures. The enormous variety of pos-
sible conditions in their light reflecting, absorbing, and transmitting properties fre-
quently require specific sample preparation and measurement procedures for each 
particular food product. In general, these particularities make them difficult to mea-
sure with standardized procedures so common in other industries. Measurements 
become even more difficult in the industrial context, where on-line applications are 
necessary. Not only measurements, but also all the necessary processing to obtain 
the quality or control parameters must be done in real time. In these applications, 
measurement equipment must work in hostile conditions, very different from those 
found in laboratories.

In foods, physical and optical properties are always related to other chemical 
properties, structural characteristics, or quality factors. Optical properties are, in 
particular, fundamental to the description of the total appearance of foods. In this 
sense, the most important property is color, but gloss or translucency can also have 
a great influence on the visual aspect of a food product (Hunter and Harold, 1987; 
Hutchings, 1999; Hutchings, 2003; Calvo, 2004).

In this chapter we will first study color and gloss, magnitudes linked with our 
visual experience and completely meaningful only in the context of human observ-
ers. These magnitudes can be measured with adequate instrumentation, but they can 
also be evaluated by visual assessment and are directly related to the appearance 
of food products. We will then study other optical properties like light scattering, 
refractive index, or fluorescence that are not directly evaluable by visual assessment. 
Applications concerning computer vision and spectral imaging will be treated in 
separate sections at the end of the chapter.

According to the spirit of this volume, we have focused our attention on recent 
technical developments and novel applications where optical properties have a cen-
tral importance. We have included a brief, and hopefully sufficient, explanation of 
each optical property in order to give a minimum background and maintain the 
coherence within each section. Nonetheless the detailed description and analysis of 
all optical properties exceeds the scope of this chapter. Due to limitations of avail-
able space, some well-known traditional measurement techniques like absorbance or 
transmittance in liquids will not be specifically treated, although references to them 
appear in several sections. For the same reason, only a selection of published works 
has been included, but we have included references to textbooks and recent reviews 
that the interested reader can consult to get a deeper insight in specific subjects.

4.2  COLOR

If we rank the several appearance attributes of foods we must recognize that color is 
always rated in the top positions. Color can inform us about the ripeness of a fruit, 
the state of preservation of a vegetable, or the time a cheese was cured. In general, 
the color of a food product allows us to make a first evaluation of its quality. Like 
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other sensory attributes, the color of a particular food product is interpreted in terms 
of color–quality relationships obtained from previous experiences and serves as a 
first and fast clue of its suitability for consumption. This interpretation has a subjec-
tive component that may depend on consumer-related factors like sex, age, or educa-
tion, but also on how a product is packed or displayed. On the other hand, color can 
be altered during processing, storage, or transport, and therefore it must be carefully 
controlled to ensure the quality and acceptability of food products.

Accordingly, colorimetry is used in the industry from two different perspectives:

• The standardization of the measurement procedures and color values in 
quality control processes

• The measurement of color as an indicator of other correlated attributes like 
the nutritional quality in the case of foods

In the first case we are mainly interested in the perception of color from the human 
(consumer) perspective. Materials must accomplish certain colorimetric specifica-
tions within some established tolerances. This is the objective of textile, plastic, or 
paint industries, and sometimes it is also the objective of the food industry, particu-
larly in relation with the use of colorants (production of juices, jams, sauces, etc.). In 
general, the role of colorimetry in the food industry and food research corresponds 
to the second case. In color science, two different approaches are used: subjective 
color evaluation, based on color assessment by some observers, and the objective or 
instrumental color evaluation, based on the measurement of the necessary magni-
tudes according to established methods or standards. Both approaches are necessary 
and complement each other and will be analyzed here.

4.2.1  Color MeasureMent and InstruMentatIon

The instrument that is most frequently used for objective color measurement is the 
spectrocolorimeter. This apparatus measures the light reflected or transmitted by a 
sample and provides the spectral distribution of reflected or transmitted light. Using 
the instrument’s built-in software or offline analysis programs we can then calculate 
color coordinates in different color spaces. A simpler color measurement device is 
the tristimulus colorimeter, which consists of an instrument that uses three filters to 
simulate the spectral sensitivity of the human visual system. Colorimeters directly 
provide color coordinates, although typically with poorer precision than spectrocol-
orimeters. Normally these instruments implement one of the standardized measure-
ment geometries and have a built-in illumination source of known characteristics. In 
general, measurements require contact with the sample, but there are other instru-
ments like spectroradiometers, which can be used to perform measurements at some 
distance from the sample. There are portable and benchtop instruments adapted for 
the measurement of solids, liquids, or both.

More recently, image analysis based in calibrated color imaging has stepped in 
to increase the available color measurement techniques, providing not only color, 
but also the spatial distribution of color in a product. Incorporating several visual 
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attributes can bring us closer to the concept of food total appearance (MacDougall, 
2002). We will review this particular subject in a specific section.

Color is basically specified by the geometry and spectral characteristics of three 
elements: the light source, the reflectance or transmittance of the sample, and the 
visual sensitivity of the observer. When color measurements are reported, there are 
several experimental parameters concerning these elements that must be specified to 
allow the correct interpretation of the data. A summary of these parameters can be 
found in Table 4.1.

Some of the parameters in Table 4.1 are fixed for a particular instrument (mea-
surement geometry, light source, spectral range, etc.) and others that can be selected 
using the manufacturer’s software (color space, illuminant, observer, etc.) depend-
ing on the application or product. In general, the use of standardized measurement 
geometries, illuminants, and observers, and the use of well-established colorimetric 
spaces is highly recommended.

4.2.2  evaluatIon and InterpretatIon of Color MeasureMents

Sticking to recommended measurement procedures permits an easier interpretation 
and understanding of color data. The lack of some of the information stated in the 
previous section makes it difficult to evaluate the results and compare them with 
results from other works, seriously limiting their usefulness.

Let us suppose that we measure the color of a food sample and report the CIELAB 
color values. Color values are different for different illuminants (say illuminants A 

TABLE 4.1
Summary of the Necessary Information for the Correct Interpretation of 
Color Measurements

Parameter/Condition Data to Specify

Instrument
Type of instrument Colorimeter, spectrocolorimeter, spectroradiometer, etc.

Spectral range Spectral range and wavelength interval between data points.

Measurement mode Reflectance, transmittance, etc.

Light source Fluorescent, halogen, etc.

Geometry Standard geometries (d/0°, 0°/45°, etc.)
Nonstandard geometry: complete specification.

Specular component Included or not included.

Calibration Procedure and calibration elements (tiles, diffuse reflectance standard, 
reference transparent liquid, etc.)

Reporting Data
Observer 2° or 10° standard observer

Illuminant Standard illuminant (A, D65, D75, etc.)
Non standard illuminant (spectral information, CCT, CRI, etc.)

Color space CIELAB, Hunter Lab, etc.
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and D65) and therefore, if we do not specify the illuminant, the reported color val-
ues are meaningless. Special care must be taken if non-standard illuminants are 
used. For instance, we might be interested in the color of food products under dis-
play conditions. It is well known that special lamps are used to enhance the color 
characteristics of some products and make them more attractive. Meat products, for 
instance, are frequently illuminated with red loaded lamps to enhance their red-
dish hues, noticeably changing their color with respect to other types of illuminants 
(Saenz, Hernandez, et al. 2005). In these cases, the spectral characteristics of the 
illuminants should also be reported.

If spectral information is not available, the color-correlated temperature (CCT) 
can be a useful parameter. The CCT is the temperature of a black body radiator 
with similar chromaticity. For example, the D65 standard illuminant has an approxi-
mate CCT of 6500 K. However, not all light sources can be characterized by their 
CCT. Another useful parameter is the color rendering index (CRI). This parameter 
is intended to be a measure of the source’s ability to reproduce colors in a true or 
natural way compared to a reference source. The CRI can be found in the technical 
information of most light sources.

The most common light sources used in the food industry are fluorescent lamps, 
which are cool sources that produce negligible heating of the food products. However, 
other technologies like those based in light-emitting diode (LED) are becoming 
available. Recently, the effect of CCT and CRI of halogen lamps (CCT = 3050 K), 
fluorescent lamps (CCT = 3950 K), and several combinations of LEDs in the color, 
attractiveness, and naturalness of fruits and vegetables has been studied. Results 
indicate that some combinations of white and red LEDs can produce a more attrac-
tive color than fluorescent and halogen lamps (Jost-Boissard et al., 2009).

We humans are trichromats; any color that we perceive can be described by only 
three attributes. Our visual system encodes these three dimensions using an oppo-
nent encoding along one lightness channel from black to white and two chromatic 
channels, the red-green and the yellow-blue channels.

In the CIELAB system, one of the most important color spaces, colors are 
described with three color coordinates L*, a* and b*. Lightness L* goes from 0 
(black) to 100 (white), a* is the red-green axis and b* is the yellow-blue axis. They 
form a Cartesian coordinate system where any color can be represented. In the a*b* 
plane we can describe colors using the polar coordinates C*ab (chroma) and hab (hue 
angle), defined by Equations (4.1) and (4.2), respectively:

 C a bab* * *= +2 2  (4.1)

 h b
aab = arctan *

*
 (4.2)

The chroma indicates the vividness of one color; for instance, a pale pink has less 
chroma than a strong red. The hue angle is a continuous variable that indicates if a 
color is yellow, red, green, and so on. Sometimes these quantities are represented by 
symbols different than those shown here, which correspond to the CIE definitions 
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(CIE 2004). An example of typical color coordinate values of a variety of food prod-
ucts can be seen in Figure 4.4.

One of the major advantages of colorimetric spaces is the possibility of mak-
ing quantitative comparisons between two colors. In CIELAB, the color difference 
∆E*ab between two colors with coordinates L*1, a*1, b*1 and L*2, a*2, b*2 is com-
puted as the Euclidean distance defined by Equation (4.3):

 E L L L a b bab* * * * * * *= −( ) + −( ) + −( )2 1
2

2 1
2

2 1
2  (4.3)

We should not oversimplify the meaning of the chromatic coordinates a* and b* 
with affirmations like “a* is the measure of the amount of redness or greenness.” 
For instance, samples having identical a* values may exhibit purple, orange, or red 
appearance. Similarly, a pink and a dark red may have identical values of chroma 
C*ab (Wrolstad, Durst, et al. 2005).

For the interested reader, there are excellent publications that can be consulted to 
get a deeper insight into general colorimetry (Wyszecki and Stiles 2000) and also in 
the particular field of food color measurement (Hunter and Harold 1987; Hutchings 
1999; MacDougall 2002; Calvo 2004).

4.2.3  exaMples and applICatIons of food ColorIMetry

Controlling the effect that new treatments or processes have on food color is of 
great importance, and there are many examples in the literature where color is 
measured and related to other parameters. We will here mention only a few recent 
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works that are innovative with respect to color measurement or application and 
that are also good examples of how to report color measurement procedures and 
colorimetric data.

4.2.3.1  Solid Products
Present lifestyles makes consumers demand more and more ready-to-eat products 
and minimally processed fruits and vegetables. In products such as fresh cut car-
rot slices (Villalobos-Carvajal, Hernandez-Munoz, et al. 2009), fresh cut cantaloupe 
(Ukuku, Fan, et al. 2006), or minimally processed shiitake mushrooms (Santana, 
Vanetti, et al. 2008), or asparagus (Sanz, Olarte, et al. 2009), color is a critical 
parameter directly related to freshness and quality.

Fish roes are an example of a food product where color measurement difficul-
ties arise because of their irregular shape, small size, and translucency. Their color 
depends on the carotene content, but also on the fish species, diet, age, and maturity 
stage, among other factors. In fact, it has been shown that color, in particular a*, can 
discriminate between roes from different species, and that color and the spectral 
reflectance of this product are differently affected by different types of processing 
(Bekhit, Morton, et al. 2009).

The attractive color of fresh strawberries is also affected by processing and stor-
age. A recent study compared the color values obtained with three different instru-
ments in fresh, chilled, and canned strawberries, and in strawberry jam and syrup. 
It was found that color values depended on the instrument’s measurement geometry 
and that in some cases, for instance between fresh and chilled strawberries, color 
values did not reproduce the observed visual differences (Ngo, Wrolstad, et al. 2007).

4.2.3.2  Liquid Products
In general, the color of liquids is traditionally measured in transmittance mode pour-
ing the liquid in glass or quartz cells with 1- to 10-mm light path lengths depending 
on the liquid opacity. Not only color coordinates, but also spectral transmittance 
or absorbance can be obtained with commercial cuvette spectrophotometers, spe-
cially designed for the measurement of liquid samples. Actually the determination 
of absorbance values has a long tradition due to the relationship between the absor-
bance and the concentration of light-absorbing substances within the sample. Many 
liquid food products are turbid to some extent, and they are centrifuged and filtered 
before measurement. In this way, however, we are changing an important charac-
teristic of the visual appearance of the product (Melendez-Martinez, Vicario, et al. 
2005). It must also be noted that these measurement conditions are very different 
from the conditions in which consumers assess the color of the product, and it is 
known that color coordinates vary with the measurement method (transmittance or 
reflectance) and the measurement geometry, as it has been recently reported in olive 
oil (Gomez-Robledo, Melgosa, et al. 2008).

Experimental conditions during transmittance measurements are very different 
from the viewing conditions in which liquid products are seen by consumers or 
evaluated during tasting. Some departure from traditional techniques seems to be 
necessary in order to reproduce visual color assessment scores. The use of calibrated 
color imaging systems has been tested, for instance in wines (Gonzalez-Miret, Ji, 



98 Physical Properties of Foods

et al. 2007). Very good agreement between visual color assessment and instrumen-
tal color measurements has been obtained in red wines (Hernández, Sáenz, et al. 
2008) and in white and rosé wines (Sáenz, Hernández, et al. 2009). These authors 
used a spectroradiometer and a color measurement procedure that carefully repro-
duces the tasting process with respect to illumination, background, standardized 
wine glass taster, and relative position of the sample and the measuring instrument.

4.2.4  food Color and pIgMents

Pigments are the most important cause of food color. Each pigment has an absorption 
spectrum with peaks at characteristic wavelengths. Absorbance or absorbance ratios 
at those wavelengths can be used to estimate pigment concentrations. Transmittance 
and reflectance values can be used in a similar way. Although characteristic wave-
lengths may be optimal to compute pigment concentrations, the presence of a pig-
ment affects the entire reflectance or transmittance spectrum, and therefore the color 
of the sample. Since color depends on pigment concentrations, and concentrations 
can be obtained from characteristic wavelengths, we expect that color can be directly 
predicted from pigment concentrations and also from a reduced number of charac-
teristic wavelengths.

Using absorption at 455 nm (carotene) and 670 nm (chlorophyll), the effect of the 
concentration of these pigments in the color of olive oil has been reported (Escolar, 
Haro, et al. 2007). Similarly the reflectance spectrum of beef meat can be recon-
structed, and the color predicted, using reflectance values at 480, 580, and 620 nm, 
the characteristic wavelengths of the three chemical states of myoglobin (Mb, MbO2, 
and MMb) (Aporta, Hernández, et al. 1996).

4.2.5  sensory Color evaluatIon and Color sCales

Sensory evaluation is a fundamental tool during product development or in quality 
control processes. During the evaluation, the organoleptic characteristics and the 
appearance attributes, color in particular, are judged and rated. Sensory evaluation 
is intrinsically subjective and care must be taken to control product preparation and 
display, the physical conditions in which evaluation is performed, and the charac-
teristics of the panelists, including previous training if necessary and screening for 
color vision deficiencies. During the evaluation, it may be necessary or convenient 
to have adequate standards or references to aid panelists. In the case of color eval-
uation, this is particularly important since human observers show great ability in 
paired color comparison but poor color memory. An exception to this approach is 
when we are interested in the free, subjective evaluation of consumers. In this case, 
any training or visual aid that could bias the panelist scores must be avoided.

It must also be noted that there are situations in which the color of the product is 
concealed using adequate illumination or opaque recipients to prevent the influence 
of color in other sensory attributes. In olive oil tasting for instance, blue-tinted cups 
are used to reduce the effect of oil color, although recent research shows that these 
cups, which are not completely opaque, still influence observers (Melgosa, Gomez-
Robledo, et al. 2009).
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When possible, color scales can be conveniently used to provide some anchor 
points during color assessment. They provide a stable reference, helping to maintain 
consistent criteria among different tasting sessions and even over different years, as 
in the case of seasonal products like fruits or vegetables. It is known that without 
appropriate references, the color rating of individual samples will be influenced by 
the range of colors present in the sample set. A recent example has been reported in 
the evaluation of strawberry nectars (Gossinger, Mayer, et al. 2009).

Color scales constructed with plain color chips from color atlases and color col-
lections have a reduced usefulness because they do not reproduce the color inho-
mogeneity and textural characteristics of most food products. Instead of plain color 
chips, it is possible to combine color and texture features simultaneously using color-
processed images and calibrated color printing (Hernández, Alberdi, et al. 2005). In 
this method, color images are modified to obtain a collection of images resembling 
the visual appearance of the product at different degrees of quality. These scales are 
intended to make the work of panelists easier and accurate, and have been tested with 
piquillo peppers (Hernandez, Saenz, et al. 2004) and with beef meat (Goni, Indurain, 
et al. 2008) obtaining good agreement between visual assessment and instrumental 
color measurement.

4.2.6  Color InfluenCe on flavor and odor

Color can have a halo effect that modifies subsequent flavor perceptions. A recent 
corroboration of this effect has been reported from a study about the influence of 
color clues on flavor discrimination and flavor intensity rating on fruit-flavored 
colored solutions (Zampini, Sanabria, et al. 2007). Without tasting the solutions, 
observers related specific colors to specific flavors like orange color with orange 
flavor, yellow with lemon flavor, and blue with spearmint flavor, whereas red, for 
instance, was not specially associated with any particular flavor. In a second experi-
ment, observers were asked to taste, without swallowing, colored solutions. They 
were informed that the colors of the solutions could be misleading. In this case it 
was found that unexpected coloration of the solution affected the flavor discrimina-
tion. On the other hand, increasing the colorant concentration did not have noticeable 
effects in the perceived flavor intensity.

Color–flavor association can modulate flavor discrimination abilities even in the 
case of familiar food products such as sugar-coated chocolates (Levitan, Zampini, 
et al. 2008). In fruit-flavored yoghurts it has been found that, even with the same 
content of each fruit flavor (strawberry, orange, and fruit of the forest) and sugar, the 
greater the concentration of colorant the greater the perceived flavor intensity (Calvo, 
Salvador, et al. 2001).

Color also affects the identification of odors and aromas. It has been shown 
that observers chose odor–color combinations in a nonrandom manner (Dematte, 
Sanabria, et al. 2006). Caramel odor is associated with brown or yellow, cucumber 
to green, lemon to yellow, strawberry to red, and spearmint to blue. Interestingly, we 
can find, for instance, blue-colored sport drinks with fruit odors and flavors. Color 
can be used to evoke specific odors and flavors, but also to suggest particular sensa-
tions or ideas.
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4.3  GLOSS

Gloss is a psychophysical phenomenon associated with the way in which light is 
reflected by an object in or near the specular direction. Glossy objects exhibit mir-
rorlike spots of reflected light and frequently even reflected images can be perceived 
in their surface. All these phenomena are barely perceptible in matte objects.

Gloss is an important perceptual attribute in many food products. It can be natu-
ral in origin or the result of fabrication processes. Gloss can be added by means of 
waxes and edible coatings, which are used to improve the appearance characteristics 
and preserve the quality of the product, protecting it during handling, since they 
reduce drying, UV damage, and fungi development (Hutchings 1999).

From a psychological perspective, several perceptual attributes related to gloss 
have been proposed: specular gloss, contrast gloss or luster, reflection haze, distinct-
ness-of-reflected-image gloss, and sheen (CIE 1995). All of them are related to the 
directional properties of the reflected light. Physically, gloss is a surface phenome-
non highly dependent on the change in the refractive index in the interface. Although 
refractive index is a wavelength-dependent quantity, for many common materials, 
the small variations of the refractive index values in the visible range have little influ-
ence in the spectral characteristics of the reflected light. This means that the spectral 
characteristics of incident and reflected light are quite similar. On the other hand, 
the fraction of light that is reflected in the specular direction depends on the angle of 
incidence. Therefore, illuminating and viewing geometry must be carefully specified 
for gloss measurement. The polarization of light also changes in the reflection, and 
although the human visual system is not sensitive to polarization, this must be taken 
into account in the design of gloss meters. The conditions for reliable gloss measure-
ment have been standardized by the American Society for Testing and Materials 
(ASTM). The standard considers measurements at three angles of incidence (20°, 
60°, and 85°) and defines the gloss unit (GU) so that a black glass with refractive 
index n = 1.567 has 100 GU for all angles of incidence (ASTM 1999).

Commercial gloss meters work according to this norm and are the basic instru-
ment used for gloss determination in food products. However, the norm is for appli-
cation to flat samples exclusively. In fact, deviations from perfect flatness have 
important consequences in gloss readings. Food products rarely possess a perfectly 
flat, homogeneous surface, and in most cases their surface is curved and inhomo-
geneous, making gloss measurements difficult and unreliable. In order to have flat 
samples, some foods, like fruits or vegetables, can be peeled and their skin flat-
tened. Apart from being a destructive technique, gloss readings may not represent 
the appearance characteristics of the original, curved surface.

Not surprisingly, most recent developments in this field try to overcome this prob-
lem by using new instruments that measure gloss directly on the food product, with-
out the requirement of having a flat sample. In existing alternatives, the (curved) 
sample is illuminated by a light (laser) beam and the spatial spread of the nearly 
specular reflected light is recorded using diode arrays or imaging devices.

The interpretation of the spatial distribution of reflected light in terms of psychophysi-
cal gloss is still an open question. Nussitovich et al. designed a gloss meter for the mea-
surement of curved surfaces of fruits and vegetables. They used monochromatic light to 
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illuminate the sample at the desired angle of incidence and reflected light was recorded 
with a video camera (Nussinovitch, Ward, et al. 1996). The spatial pattern of the reflected 
light had a distorted bell shape and authors used the full width at half maximum (FWHM) 
of the light profile, in pixels, as an indication of gloss. There are, however, other possible 
parameters like peak area, maximum intensity, or average of the reflected luminance 
flux, that could be better suited for this purpose (Mendoza, Dejmek, et al. 2010).

Imaging systems for gloss measurement have not been restricted to laboratory 
conditions. A machine vision system has been designed for real-time gloss grading 
of eggplants, in automatic grading conveyor lines (Chong, Nishi, et al. 2008). In this 
work, a gloss index was derived from the distribution of pixel intensities after image 
processing. Visual assessment classifies eggplants in high-, medium-, and low-gloss 
specimens. Gloss prediction was consistent and accurate in classifying high- and 
low-gloss samples. Some misclassification results were observed for the medium-
gloss samples.

Attempts to include the spectral information of the reflected light have been also 
made. Jha et al. used a spectroradiometer to record the light reflected by the curved 
surface of eggplants illuminated by a halogen light source (Jha, Matsuoka, et al. 
2002). The ratio between reflected and incident light at each wavelength was used 
to define a spectral gloss index which, when integrated in the visible range, gave the 
gloss index of the sample. It was found that the gloss index was correlated with the 
weight loss during storage of eggplants.

However, a gloss index defined in this way does not immediately translate into 
gloss units given by conventional gloss meters. Mizrach et al. have constructed and 
analyzed the capabilities of a spectrometer-based prototype gloss meter for curved 
surfaces that includes automatic sample positioning through image analysis (Mizrach, 
Lu, et al. 2009). Using a commercial catalog of flat samples of different sheen values 
and the measurements of a conventional gloss meter, the authors calibrate the system 
so that the gloss index can be converted into gloss units.

Gloss estimation using pixel intensity analysis can be performed using com-
mercial imaging instruments designed for surface or appearance analysis. These 
measurements have been used to study the influence of different edible coatings in 
the gloss of chocolate-covered peanuts (Dangaran, Renner-Nantz, et al. 2006) and 
chocolate samples (Lee, Dangaran, et al. 2002). In chocolate, gloss and color vary 
due to fat blooming during storage at different temperatures (Pastor, Santamaria, et 
al. 2007). Chocolate has been also used to analyze the relationship between gloss 
and color and topographical and textural parameters obtained from scanning laser 
microscope images of samples with controlled induced surface roughness (Briones, 
Aguilera, et al. 2006).

4.4  LIGHT SCATTERING AND ABSORPTION

Many food products have a colloidal nature. In colloidal media such as gels, emul-
sions, foams, and turbid media, which may be practically opaque, light is basically 
scattered or absorbed. The appearance of such media depends on the way that it 
scatters and absorbs light. Scattering is related to attributes like turbidity, cloudi-
ness, opacity, or lightness of an emulsion, whereas absorption determines its color 
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(McClements, Chantrapornchai, et al. 1998). Scattering depends on the concentra-
tion, size, and refractive index of the dispersed particles, whereas absorption depends 
on the concentration and type of existing chromophores (Hutchings 1999). When a 
beam of light passes through a colloidal dispersion, the particles or droplets scatter 
some of the light in all directions. When the particles are very small compared with 
the wavelength of the light, the intensity of the scattered light is uniform in all direc-
tions, but for larger particles, with diameters larger than approximately 250 nm, light 
intensity depends on the scattering angle.

The great majority of viscous liquid foods are emulsions. Beverage emulsions 
are primarily used to give opacity to clear beverages or to enhance their juicelike 
appearance (Taherian, Fustier, et al. 2006). Milk, yoghurts, and sauces are typi-
cal examples of low-volume fraction emulsions, and butter and margarine are high 
volume-fraction emulsions. Foams are the air-liquid analogue of emulsions and 
constitute another large category of foods. Finally, foods can be found in highly 
viscoelastic forms or even in glassy states (Mezzenga, Schurtenberger, et al. 2005). 
There are several optical characteristics and spectrophotometric techniques that can 
be used to characterize emulsions (Chanamai and McClements 2001; McClements 
2002; Wackerbarth, Stoll, et al. 2009). These properties are important because of 
their relationship with the product appearance and also with the rheological proper-
ties (Gonzalez-Tomas and Costell 2006; Tarrega and Costell 2007; Sanz, Salvador, 
et al. 2008).

4.4.1  dynaMIC lIght sCatterIng and dIffuse Wave speCtrosCopy

In the applications described previously, light illuminating the sample comes from 
noncoherent light sources. We will now briefly discuss two techniques that use 
monochromatic coherent light, from a laser for example, to produce interference 
effects in the scattered light.

Dynamic light scattering (DLS) is a technique based on the scattering of light by 
moving particles. Using coherent and monochromatic light it is possible to observe 
time-dependent fluctuations in the scattered intensity pattern, due to constructive and 
destructive interference of light scattered by neighboring particles. DLS requires a 
low concentration of scatter centers so that each incident photon of light is scattered 
only once within the sample (i.e., multiple scattering must be absent). This technique 
cannot be applied to concentrated suspensions like milk, but provides interesting 
information in dilute suspensions. Analysis of the time dependence of the intensity 
fluctuation yields the diffusion coefficient of the particles from which, knowing the 
viscosity of the medium, the hydrodynamic radius or diameter of the particles can 
be calculated (Dalgleish and Hallett 1995). This technique has been used to obtain 
the particle size distribution in a study of the stability and opacity of cloudy emul-
sions having Arabic gum and whey protein isolate (Klein, Aserin, et al. 2010). Particle 
size distributions were then related with absorbance measurements and with visual 
assessment.

Diffuse wave spectroscopy (DWS) is the extension of DLS to opaque samples, 
where light suffers multiple scattering. DWS uses the interference pattern generated 
by backscattered light from the sample. Due to particle motions, interference takes 
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the form of a dynamic speckled pattern that can be recorded and analyzed. The rheo-
logical properties are deduced from dynamic changes in the speckled pattern using a 
well-established formalism (Alexander and Dalgleish 2006). DWS is especially well 
suited for turbid media and has been recently used to study the interactions of dairy 
proteins and the kinetics of aggregation in gelling systems under different destabiliz-
ing conditions (Corredig and Alexander 2008).

4.4.2  transluCenCy

Many food products are translucent, neither totally opaque nor completely transpar-
ent. In this kind of product light is reflected, absorbed, transmitted, and scattered, 
and the objective measurements of optical properties present serious difficulties 
(Calvo 2004).

The Kubelka-Munk (KM) theory is frequently used in these cases in relation to 
optical properties like spectral reflectance or color. The KM theory is a two-flux 
theory that describes the propagation of diffuse light through a material. Within 
this theory it is possible to relate the values of the absorption coefficient K and the 
scattering coefficient S with the reflectance R of the sample. In case of a sufficiently 
thick sample, so that it can be considered opaque, the reflectance is denoted as R∞ 
and given by Equation (4.4):
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Other, less simple expressions exist when the sample is not optically thick. The 
K/S ratio has the advantage of being approximately a linear function of the pig-
ment concentration. This property makes it useful for many food products like juices 
(Melendez-Martinez, Vicario, et al. 2005), fruits (Contreras, Martin-Esparza, et al. 
2008), meat (Aporta, Hernández, et al. 1996; Saenz, Hernandez, et al. 2008), and 
emulsions (McClements, Chantrapornchai, et al. 1998; Chantrapornchai, Clydesdale, 
et al. 1999). A detailed analysis of the KM theory and its applications to foods is 
beyond the scope of this chapter, but the interested reader can consult general works 
(Wyszecki and Stiles 2000) or works devoted to food science (MacDougall 2002; 
Calvo 2004).

Reflectance and color of translucent samples will be affected by the background 
where they are placed during measurements. A proposed measure of translucency 
based in the CIE tristimulus Y obtained from two measurements performed over a 
white (CIE Ywhite) and a black (CIE Yblack) background and given by Equation (4.5)

 translucency CIEY CIEYBlack White= − ×100 100( / )  (4.5)

has been used to evaluate translucency in white salted noodles (Solah, Crosbie, et al. 
2007). In this work the relationship between several optical parameters and appear-
ance attributes are studied: translucency, gloss measured with a gloss meter, color mea-
sured with a spectroradiometer, and the results of a sensory evaluation by panelists.
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We cannot end this section without noting that translucency is considered an 
undesired property in some food products, negatively affecting their quality, mainly 
in the fresh-cut industry (Artes, Gomez, et al. 2007; Montero-Calderon, Rojas-Grau, 
et al. 2008).

4.5  FLUORESCENCE

In a fluorescent material, radiation absorbed at some wavelength is reemitted at a 
different wavelength after a very short period of time. In most of the applications in 
the food industry, absorbed ultraviolet radiation is emitted as visible light. Although 
it has innumerable applications, we will focus here on a reduced number of examples 
that combine fluorescence with other optical properties like color, absorbance, or 
scattering. Examples related to spectral imaging will be treated later. Notice that the 
general appearance of a product is affected by the presence of fluorescence and that 
natural light, as well as most artificial light sources, have a nonnegligible emission 
in the UV region.

Fluorescence is in general measured with an instrument called a spectrofluorom-
eter. A complete characterization of the sample will require the recording of the 
emission spectrum corresponding to each excitation wavelength. However, many 
applications are based in measuring a single pair of excitation and emission wave-
lengths. For instance, excitation at 347 nm and emission at 415 has been used to fol-
low the formation of Maillard reaction products (Morales and Jimenez-Perez 2001). 
Imaging spectrographs have been used to record the fluorescence emission spectrum 
and analyze it in relation to apple fruit quality (Noh and Lu 2007) and the influence 
of storage in the photo oxidation of cheese (Wold, Veberg, et al. 2006).

Finally, the effect of fluorescence in the appearance, in color in particular, 
has been studied for different products like concentrated milk systems (Rozycki, 
Pauletti, et al. 2007), meat emulsions (Allais, Viaud, et al. 2004), biscuits (Allais, 
Edoura-Gaena, et al. 2006), and infant formulas (Ferrer, Alegria, et al. 2005; Bosch, 
Alegria, et al. 2007).

4.6  REFRACTIVE INDEX

When light falls from one medium to another, it changes its speed and trajectory. 
These changes are determined by the value of the refractive index, which is a wave-
length-dependent magnitude that can be derived from the dielectric permittivity, 
which in turn depends on other parameters like chemical composition, density, and 
so on. The refractive index can be determined rapidly and easily with a refractometer 
and a typical application in food science is the determination of alcohol or sucrose 
content in fruit juices, soft drinks, or wines.

A more modern technique to measure the refractive index is surface plasmon 
resonance (SPR). A surface plasmon is a light wave trapped in the surface of a 
metal. The propagation of such waves is very sensitive to tiny changes in the 
refractive index of the substance in contact with the metal surface. In this way, 
the presence of particles or chemical compounds can be determined by their influ-
ence in the refractive index of the substance. There are commercial biosensors that 



Optical Properties of Foods 105

implement this principle as it is schematically shown in Figure 4.5. A thin layer 
of metal, typically gold, having a thickness of only few nanometers, is deposited 
on a glass prism. The gold film is in contact with the substance to be analyzed. 
On the other side, a light beam enters the prism and suffers total reflection in the 
prism side in contact with gold and exits the prism, reaching the detector. Under 
appropriate circumstances, which depend on the refractive index of the substance, 
and for particular angles of incidence and wavelengths, a plasmon wave is gener-
ated in the metal layer. This destroys the total reflection process, drastically reduc-
ing the intensity of the reflected light that reaches the detector. In a calibrated 
device, the analysis of the reflected light gives us information about the refractive 
index of the substance in contact with the metal layer. It is even possible to make 
real-time measurements and follow time-dependent changes in the refractive index 
due to chemical reactions in the analyzed substance. Examples of the uses of this 
technique in food science are the detection of E. Coli O157:H7 in different food 
products (Waswa, Irudayaraj, et al. 2007) or the detection of insecticide residues 
(Yang and Cho 2008). A review of the application of SPR in food can be found in 
Pattnaik and Srivastav (2006).

4.7  COMPUTER VISION

Traditional instruments for measuring optical properties (spectrophotometer, spec-
troradiometer, colorimeter, gloss meter, etc.) measure over a relatively small area of 
the product. Since food products are rarely homogeneous, measurements must be 
repeated over different locations in the same product to obtain an average, represen-
tative value of the measured parameter. Similarly, liquids are frequently centrifuged 
and filtered to obtain clean, homogeneous samples. There are, however, products—a 
pizza, for instance—that are intrinsically inhomogeneous, presenting defects or dis-
continuities in their visual and optical properties (Yam and Papadakis 2004; Du and 
Sun 2005). In such cases, averaging measurements over different areas of the sample 
is obviously not a valid option.

In those products, shape, size, color, or texture taken independently are not ade-
quate for an overall quality evaluation. The attractiveness of the product, the con-
sumer preference, depends on its total appearance, a global characteristic difficult to 
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obtain using traditional measurement techniques. This kind of evaluation is made by 
visual assessment by trained inspectors, which is a tedious, laborious, and subjective 
task.

In recent years, computer vision systems and image processing have been grow-
ing in importance as a tool to perform all these evaluations in an objective way, 
maintaining accuracy and consistency while eliminating the subjectivity of human 
inspectors (Du and Sun 2004). A typical application implements an image acqui-
sition system, an image processing stage, and an image analysis stage. The color 
information in the image can be used to identify different constituents or elements 
and quantify their sizes, shapes, and distribution throughout the image.

In digital color cameras, color is given as red, green, and blue (RGB) values, usu-
ally in the range 0–255, that encode the light intensity recorded through three broad-
band filters. This procedure is based on the trichromacy of the human visual system 
and permits reasonable color reproduction in computer screens or printer hard cop-
ies. Imaging techniques need not be necessarily restricted to RGB filters. Images can 
be taken at multiple wavelengths combining the spatial resolution of conventional 
imaging with the spectral information conveyed in the reflected or transmitted light 
from an object. Spectral imaging will be analyzed later in a specific section.

The RGB encoding is a device-dependent process, but it is possible to obtain 
colorimetric information from an image after an adequate color characterization 
and calibration of the imaging system. In order to convert RGB values to a device-
independent color space like CIELAB, several algorithms have been proposed for 
images obtained with digital cameras (Du and Sun 2005; Leon, Mery, et al. 2006; 
Mendoza, Dejmek, et al. 2006; Kang and Sabarez 2009; Valous, Mendoza, et al. 
2009) and images obtained with color scanners (Hatcher, Symons, et al. 2004; Kihc, 
Onal-Ulusoy, et al. 2007).

During image acquisition, illumination deserves special attention. Uniformity, 
spectral composition, color rendering, and color temperature of the illuminating sys-
tem must be considered. Fluorescent lamps are commonly used, but other solutions 
may be more adequate for a particular application, like the use of optical fiber to 
illuminate small regions of interest in the study of bubble size distribution in beer 
(Hepworth, Hammond, et al. 2004) or in the study of dried fish processes (Louka, 
Juhel, et al. 2004). Generally, samples are imaged over achromatic backgrounds: 
white, black, or neutral grays. Other alternatives, like cyan backgrounds, have been 
tested to increase the contrast in the image (Abdullah, Mohamad-Saleh, et al. 2006).

Calibrated color imaging systems can be arranged combining their different ele-
ments according to particular needs, but there are also complete systems that inte-
grate all the elements necessary for calibrated color imaging (Luo, Cui, et al. 2001; 
MacDougall 2002).

A simple application of color images is the identification and segmentation of dif-
ferent objects or regions in the image that would otherwise be very similar in a gray 
image, as in the study of bicolor foods (Kang and Sabarez 2009) or in presliced hams 
(Valous, Mendoza, et al. 2009), but there are many others (Brosnan and Sun 2004). 
We will focus here on recent applications related to the measurement and evaluation 
of optical and visual properties like translucency, color, or appearance. Interesting 
examples are the study of maturity in star fruit (Abdullah, Mohamad-Saleh, et al. 
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2006), changes in color due to the migration of fat to the surface of chocolate during 
storage (Briones, Aguilera, et al. 2006), translucency of fresh tomato slices during 
refrigerated storage (Lana, Tijskens, et al. 2006), characterization of the appearance 
of sliced ham (Valous, Mendoza, et al. 2009), comparison of its color image char-
acteristics with consumer evaluation (Iqbal, Valous, et al. 2010), enzymatic brown-
ing kinetics in pear slices (Quevedo, Diaz, et al. 2009), mushrooms (Vizhanyo and 
Felfoldi 2000), beer haze (Hepworth, Hammond, et al. 2004), color and speckness 
of oriental noodles (Hatcher, Symons, et al. 2004), study of relations between color 
and firmness in tomatoes (Schouten, Huijben, et al. 2007), and automatic grading 
systems for fruits and vegetables (Chong, Nishi, et al. 2008; Kondo 2010).

4.8   SPECTRAL IMAGING: MULTISPECTRAL AND HYPERSPECTRAL

By spectral imaging we understand all those imaging techniques that provide spec-
tral information at each pixel in the image (i.e., at each point of the imaged object). 
Spectral information is very important since spectral characteristics are linked to the 
physical and chemical properties of foods. Spectral imaging provides information 
that is not available in conventional color imaging and can also be extended to other 
spectral ranges like ultraviolet (UV) or near-infrared (NIR).

The output of a spectral imaging system is a collection of images. Each image has 
been taken through a filter that can be broad band or narrow band, centered at some 
wavelength. The term hyperspectral imaging is normally used when data contains 
hundreds or even thousands of images, each at one wavelength. When fewer images 
are produced, we refer to the system as a multispectral imaging system. Notice that 
conventional RGB color imaging (treated in the previous section) is a particular case 
of multispectral imaging where images are taken through three broad-band filters.

Hyperspectral systems have the advantage of providing exhaustive spectral infor-
mation on each image pixel. The analysis of this information requires complex and 
time-consuming algorithms, making this technique useful in off-line applications. 
If only a reduced number of wavelengths or wavebands (2–4) are necessary or suf-
ficient, then simpler and faster multispectral systems can be devised that would be 
suitable for on-line applications. The identification of this reduced set of wavelengths 
can be done with traditional spectroscopic techniques, but as we will see, it is also 
one of the most frequent objectives of the analysis of hyperspectral imaging data.

A typical hardware configuration of a hyperspectral system consists of three 
basic elements: the illuminating system, the image acquisition system, and the 
sample holder. In general, the characteristics of the illuminating system are simi-
lar to those already described for conventional imaging. There are applications, 
like fluorescence imaging or transmittance imaging, which require special light 
sources or configurations. The imaging system is composed of a lens, a spectro-
graph, and a charge-coupled device (CCD) (or other type of imaging sensor). Light 
is collected through a narrow slit and focused by the lens into the spectrograph, 
which disperses the light into its spectral components along in specific direction by 
means of a combination of diffraction gratings and prisms. In this way, light com-
ing from a narrow strip of the object is converted into a two-dimensional map, one 
direction corresponding to the spatial direction determined by the slit and the other 
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direction corresponding to the wavelength axis. In a single shot the CCD camera 
records all the spectral information of a narrow straight region of the object. In 
order to obtain a complete spatial scan, the process must be repeated, continuously 
scanning consecutive strips of the object. This requires a controlled movement 
of the object, usually accomplished by means of computer-controlled motorized 
sample holders. Taking successive images, the complete data set is formed. Data 
is usually referred to as the hypercube, since it has two spatial dimensions and a 
third, spectral dimension (Figure 4.6).

Spectral imaging has been applied to a great variety of foods. Table 4.2 sum-
marizes some recent works organized by food product. Studies in the meat industry 
include poultry, beef, and pork. In the poultry industry, spectral imaging has been 
oriented to quality and safety inspection of poultry products in on-line applications. 
Fecal contamination and infectious conditions have deserved much attention due to 
zero-tolerance safety policies. Detection of fecal contaminants can be done using 
only the ratio of the reflectance at two wavelengths (Park, Lawrence, et al. 2005), 
but contaminants can be further classified depending on their origin (duodenum, 
caecum, colon, and ingesta) using hyperspectral data at 512 wavelengths (Park, 
Windham, et al. 2007).

With respect to infectious conditions, reasonable detection efficiencies for skin 
tumors have been obtained with spectral data at three wavelengths (Chao, Mehl, 
et al. 2002) and also with hyperspectral fluorescence imaging at ten wavelengths 
(Kong, Chen, et al. 2004). In this application, the importance of optimizing the wave-
length selection algorithms has also been studied (Nakariyakul and Casasent 2009). 
Septicemia and toxemia, which affect the entire bird carcass, can be detected with 
only a few wavelengths, making possible an on-line multispectral system capable 
to identify unwholesome carcasses in the processing line working at 140 birds per 
minute with a detection efficiency close to 96% (Chao, Yang, et al. 2010).

Structural and textural information is of great importance in beef meat products. 
Major structural components like fat, connective tissue, and myofibers can be iden-
tified using the autofluorescence properties of naturally occurring fluorophores in 
meat. Using narrow interference filters for both the illuminating source and the CCD 
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FIGURE 4.6  The hypercube. Spatial and spectral information from a hyperspectral system. 
For every pixel on the image (A and B in the picture) the complete spectral information can 
be recovered (right).
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camera, a reduced number of illumination–detection wavelength pairs are necessary 
to identify them (Skjervold, Taylor, et al. 2003). Texture analysis using the images 
obtained from the most significant principal components of the hyperspectral data 
has been used to classify the tenderness of beef longissimus dorsi muscle into three 
categories based in shear force values with 96.4% accuracy (Naganathan, Grimes, et 
al. 2008). Direct multilinear regression with six wavelengths has also been used to 
predict the classification of tenderness into two categories, although with less accu-
racy (Wu, Peng, et al. 2009).

TABLE 4.2
Examples of the Application of Spectral Imaging to Different Food Products

Commodity Objective Reference

Meat Products
Poultry Fecal contamination (Park, Lawrence et al. 2005; Park, Windham et 

al. 2007)

Skin tumors (Chao, Mehl et al. 2002; Kong, Chen et al. 
2004; Nakariyakul and Casasent 2009)

Wholesomeness high-speed 
inspection

(Chao, Yang et al. 2010)

Beef Tenderness prediction (Naganathan, Grimes et al. 2008; Wu, Peng et 
al. 2009)

Structural components (Skjervold, Taylor et al. 2003)

Myoglobin concentration profiles (Saenz, Hernandez et al. 2008)

Pork Marbling classification (Qiao, Ngadi et al. 2007)

Drip-loss, pH, color (Qiao, Wang et al. 2007)

Fruits and Vegetables
Apples Fecal contamination (Kim, Lefcourt et al. 2005; Lefcout, Kim et al. 

2006; Liu, Chen et al. 2007)

Bruise detection (Xing, Bravo et al. 2005; Xing, Saeys et al. 
2007; ElMasry, Wang et al. 2008)

Chilling injury (ElMasry, Wang et al. 2009)

Optical properties (Qin and Lu 2008; Qin and Lu 2009)

Quality (Noh and Lu 2007)

Citrus Rottenness detection (Gómez-Sanchis, Gómez-Chova et al. 2008)

Skin defects (Blasco, Aleixos et al. 2007)

Canker detection (Qin, Burks et al. 2009)

Green citrus detection in trees (Okamoto and Lee 2009)

Corrections spherical objects (Gomez-Sanchis, Molto et al. 2008)

Cantaloupe Fecal contamination (Vargas, Kim et al. 2005)

Peach Firmness and maturity (Lleo, Barreiro et al. 2009)

Strawberry Quality attributes (ElMasry, Wang et al. 2007)

Pickles Internal defects (Ariana and Lu 2010)

Mushrooms Freeze damage (Gowen, Taghizadeh et al. 2009)

Wheat Grain cleanness (Wallays, Missotten et al. 2009)
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Hyperspectral imaging can be also used as an analytical tool. In unoxigenated 
meat myoglobin is found in the reduced form (Mb). In contact with air, oxygen dif-
fuses through the surface of meat, converting Mb into oxymioglobin (MbO2). With 
time MbO2 will be further oxidized to form metmyoglobin (MMb). As oxygen pen-
etrates inside meat it is consumed in these processes and, as a result, the concentra-
tion of each pigment becomes a function of time and the distance (depth) to the 
oxygenated surface. Relative concentrations of each myoglobin form can be obtained 
from reflectance data at some specific wavelengths (474, 525, 572, and 610 nm) as a 
direct application of the Kubelka-Munk theory (Sáenz and Hernández 1999). Using 
a multispectral system to capture a time sequence of spectral images transverse to 
the direction of penetration of oxygen, the concentration profiles of each pigment as 
a function of the oxygenation time have been obtained with a spatial resolution of 
0.1 mm. Authors used Fick’s second law to describe oxygen diffusion through the 
meat sample and a first-order kinetics for the Mb consumption. The model fitted the 
experimental evolution of the concentration profile of myoglobin inside meat with a 
root mean squared error (RMSE) of only 0.253% (Saenz, Hernandez, et al. 2008).

Spectral imaging in fruits has deserved considerable attention in recent years. 
In apples, efforts have been mainly directed toward the implementation of on-line 
applications for early detection and removal of damaged or contaminated fruits. 
Fecal contamination can be identified using the ratio of the reflectance at two differ-
ent wavelengths using conventional halogen illumination during image acquisition 
(Liu, Chen, et al. 2007) or ultraviolet illumination and fluorescent emission (Kim, 
Lefcourt, et al. 2005). Bruise detection in mechanically damaged apples can also 
be performed with only 3 or 4 wavelengths, although different apple varieties may 
require a different set of wavelengths (Xing, Saeys, et al. 2007; ElMasry, Wang, et 
al. 2008).

The combination of hyperspectral imaging with laser-induced fluorescence has 
also been used to predict several apple quality parameters (Noh and Lu 2007). In this 
work, spatial images were not actually obtained, but spatial profiles of the intensity 
of fluorescence emission along a single scanning line situated a controlled distance 
from the laser spot.

Skin defects have also been studied in citrus fruits. The possibility of identifying 
skin damage in mandarins and oranges by their origin (green mould, chilling injury, 
phytotoxicity, etc.) has been studied with broad-band multispectral imaging combin-
ing a single UV image (200–400 nm), a single NIR image (700–1800 nm), and an 
induced fluorescence image FI at 560 nm. Reported detection accuracies depend 
on the nature of the skin defect and vary from 50% to 100% (Blasco, Aleixos, et al. 
2007). Hyperspectral systems have also been applied to detect mandarin rottenness 
(Gómez-Sanchis, Gómez-Chova, et al. 2008) and citrus canker in grapefruits (Qin, 
Burks, et al. 2009). A multispectral system working with natural light has also been 
developed to detect green citrus in trees (Okamoto and Lee 2009).

The problems associated with the measurement of nonplanar objects, which we 
mentioned in the case of gloss, have also been studied in the context of spectral 
imaging. Using citrus fruits as a working example, a reflectance model for a spheri-
cal object has been developed with application to spectral and nonspectral imaging 
(Gomez-Sanchis, Molto, et al. 2008).
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Among recent applications to vegetables, it is worth mentioning an on-line clas-
sification system that combines reflectance images in the visible and a transmittance 
image in the NIR spectrum that outperforms human inspectors in the detection of 
internal defects in whole pickles (Ariana and Lu 2010). Freeze damage in mush-
rooms (Gowen, Taghizadeh, et al. 2009), shelf life in mushrooms packed with differ-
ent films (Taghizadeh, Gowen, et al. 2010), or the determination of grain cleanness 
in wheat (Wallays, Missotten, et al. 2009) are other recent examples of the possibili-
ties of this technique.

4.9  CONCLUSIONS

Coexisting with traditional measurement techniques, present-day technologies offer 
new and promising procedures for determining the optical properties and appear-
ance attributes of foods. Availability of advanced hardware and software solutions is 
undoubtedly spurring on new applications. Imaging technologies in particular hold 
a prominent position in number and diversity of implementations. Fast imaging sys-
tems based on conventional color imaging or multispectral imaging can be used for 
on-line applications. Hyperspectral systems, combining precise spatial and spectral 
information, are a powerful tool for many purposes. Presently limited to off-line 
applications due to the time-consuming analysis of the data, they will probably be 
used in real-time applications with the future development in computing systems and 
analysis algorithms.

The use of imaging systems is also very promising in the assessment of total 
appearance attributes of foods, combining color and color distribution, gloss, and 
texture in a unique global description. A better understanding of perceptual phenom-
ena will be surely required, and in this quest, food science, optics, and psychophysics 
will have to keep walking side by side.
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5 Electrical Properties 
of Foods

Satyanarayan R. S. Dev and G. S. Vijaya Raghavan

5.1  INTRODUCTION

Electrical properties of food materials are of great importance in various scientific 
and industrial applications. Electrical properties are necessary when processing 
foods using electric fields, electric current conduction, or heating through electro-
magnetic waves. Electrical properties are also essential in processing foods with 
pulsed electric fields, ohmic heating, induction heating, radio frequency, and micro-
wave heating.

Some popular applications of the knowledge of electric properties of food mate-
rials include rapid quality assessments, such as the measurement of moisture con-
tent in grain and other food products and to determine the absorption of energy in 
high-frequency dielectric heating and microwave heating applications that are use-
ful in the processing of food materials to a large extent. These properties are also 
useful in establishing real-time monitoring of processing conditions (De Alwis 
and Fryer, 1992).

The processing of food always imparts changes to the food material treated; some 
are desirable and some are undesirable. For starchy foods, gelatinization makes the 
starch available for digestion (Angersbach et al., 1999). This is the key effect desired 
in heat processing. However, in the same temperature range, the integrity of the cell 

CONTENTS

5.1 Introduction .................................................................................................. 119
5.2 Electrical Conductance ................................................................................. 121
5.3 Electrical Capacitance ..................................................................................124
5.4 Dielectric Properties .....................................................................................124
5.5 Dielectric Constant ....................................................................................... 125
5.6 Dielectric Loss .............................................................................................. 125
5.7  Relationship between Electrical Conductance and Capacitance .................. 125
5.8 Reaction to Electromagnetic Radiation ........................................................ 126
5.9 Novel Measuring Techniques and Applications ........................................... 127
5.10 Conclusions ................................................................................................... 129
References .............................................................................................................. 129



120 Physical Properties of Foods

membrane is affected; this is accompanied by changes in textural properties through 
the loss of turgor pressure. Loss of compartmentalization leads to further changes 
(Dejmek and Miyawaki, 2002). The state of the cell membrane plays a major role in 
the electrical properties of food.

There are two main electrical properties in food engineering: electrical conduc-
tivity and electrical permittivity. From the electrical circuit point of view (Nelson, 
1965), the electrical properties of different food materials that are of interest in 
research and commercial applications are conductivity (σ), the dielectric constant 
(έ ), the dielectric loss factor (ε˝), and the loss tangent (tan δ). The last three of the 
previously mentioned properties together can be represented by the complex electri-
cal permittivity of the food material. Predominantly, most of these properties are 
of considerable importance for implementation of electromagnetic field concepts 
(Nelson, 1973).

Three complex constitutive parameters, G, C, CM, respectively, the conduc-
tance, capacitance, and magnetic capacitivity, universally describe the electromag-
netic properties of all matter. In most biological materials, however, the magnetic 
capacitivity is the same as that of free space. This leaves us with only two variable 
parameters, namely, electrical conductance and capacitance, affecting the electrical 
properties of a food material. In order to be able to specify these properties irre-
spective of the quantity of the food material, both conductance and capacitance are 
expressed per unit length in the direction of flow of electric current, giving rise to 
conductivity (σ) and permittivity (ε) properties of matter. In Figure 5.1 the relation-
ships among the major electrical properties of food materials are shown.

In this chapter, some of the electrical properties of foods, such as electrical 
conductance and capacitance, along with their properties and relationships will 
be highlighted. Their importance in certain food process situations will also be 
described.

Electrical
Properties

Conductance Capacitance

Loss Tangent

Dielectric
Constant

Dielectric
Loss

FIGURE 5.1  Major electrical properties of food materials and their relationships.
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5.2  ELECTRICAL CONDUCTANCE

Electrical conductance of a food material is a measure of its ability to conduct an 
electric current between two points. It is dependent on the electrical conductivity and 
the geometric dimensions of the conducting object.

Electrical conductivity is a measure of how well a material accommodates the 
movement of an electric charge or, in other words, the property of the ease with 
which an electric current can be transmitted through a material. It is the ratio of the 
current density to the electric field strength. Electrical conductivity is a very useful 
property since its values are affected by such things as a substance’s chemical com-
position and the stress state of crystalline structures. Therefore, electrical conduc-
tivity information can be used for measuring the purity of water, sorting materials, 
checking for proper heat treatment of metals, and inspecting for heat damage in 
some materials (Castro et al., 2003).

Food materials that contain positively charged or negatively charged electrolytes, 
or charged molecules or macromolecules, are capable of transmitting an electric 
current. In this context, positively charged ions are called cations, and negatively 
charged ions are called anions.

Carriers are those mobile components that are necessary to transmit electric cur-
rent in the form of charged ions present in the food material. Unlike in metals, the 
charge carriers for the conduction of electricity in foods are ions, instead of elec-
trons. In ionic materials, the band gap is too large for thermal electron promotion. 
Cation vacancies allow ionic motion in the direction of an applied electric field; this 
is referred to as ionic conduction.

High temperatures produce more vacancies and thus higher ionic conductivity. At 
low temperatures, electrical conduction in insulators is usually along the surface, due 
to the deposition of moisture that contains impurity ions. Under normal applications, 
ions carry the charges as the mass of ions moves along the electrical field. The con-
centration and mobility of ions determine the electrical conductivity. Temperature 
and other ingredients in foods affect the ion mobility. Under an extreme electric 
field, electron hopping takes place between the ions or molecules (Barbosa-Cánovas 
et al., 2006). This is the precursor of dielectric breakdown of foods, in which case an 
arc is the observed result.

Factors influencing the electrical conductivity of foods are the concentration of 
charge carriers’ salinity, formulation charge, and number of charge carriers (mainly 
singly charged or doubly charged ions), mobility of charge carriers, their aggregate 
state, molecular mass, and type of bonding.

In general, if there are charged ions with mobile carriers present within a sample 
of food material, then if we apply a voltage potential across the food sample, an elec-
tric current will flow through the sample, as part of an electric circuit. The strength 
of this electric current depends on the electrical resistance R of the food sample. 
The electrical resistance impedes the flow of electric current through the sample. 
The reciprocal of resistance is conductance, G. Therefore, the resistance in an elec-
tric circuit is inversely proportional to its conductance. According to Ohm’s law 
(Equation 5.1), there is a linear relationship between voltage, current, and resistance 
within an electric circuit:
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 V = IR (5.1)

where
V is the potential difference in volts
I is the electric current in amperes
R is the electrical resistance of the material in ohms

Electrical conductivity of a food material is a measure of the extent of the flow of 
electric current through the material of cross-sectional area A, length L, and resis-
tance R; in other words it is the inverse value of electrical resistivity of the food 
material of unit cross-sectional area and unit length. It can also be defined as the 
reciprocal of the specific volume resistivity, which is the resistance between opposite 
faces of a cube of unit dimensions of the material. The conductivity of a material σ 
is expressed in SI units S/m in Equation (5.2).

 σ = L/(AR) (5.2)

The electrical conductivity of the food material when subjected to direct current 
(DC) results from the motion of free charges and ions, which is not very different 
from the total conductivity of the material at low frequencies of alternating current 
(AC) as well. Figure 5.2 shows the ionic conductivity of food materials under DC and 
low-frequency AC environments.

Conductivity is the basic physics behind ohmic heating, in which electricity is 
transformed to thermal energy when an alternating current (AC) flows through 
a food material. It is important to know the effective conductivity or the overall 
resistance of liquid–particle mixtures for its potential use in fluid pasteurization. 
Furthermore, liquid–particle mixtures can be pasteurized using pulsed electric field 
technology, where products with low electrical conductivity are better and more 
energy efficient to process. Electrical conductivity varies with acidity of the food 
material, and therefore a good tool to monitor the change in acidity in real-time 
in processes like fermentation. Crystallization processes (for example, in sugar 
solutions) can also be monitored with conductivity measurements. Conductivity 
has also been found to be inversely proportional to viscosity, and viscosity in turn 
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+ + +
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FIGURE  5.2  Ionic conductivity of food materials in DC and low-frequency AC 
environments.
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is directly proportional to supersaturation. Conductivity measurements have also 
been used to measure moisture content in materials, particularly grain products 
and particulates.

The electrical conductivity of foods has been found to increase with temperature 
(linearly), and with water and ionic content. Mathematical relationships have been 
developed to predict the electrical conductivity of food materials: for example, for 
modeling heating rates through electrical conductivity measurements, or for prob-
ability distribution of conductivity through liquid–particle mixtures. Electrical 
conductivity shows different behaviors during ohmic and conventional heating. At 
freezing temperatures, electrical conductivity increases with temperature, due to 
the poor conductivity of ice compared to water. Starch transitions and cell struc-
tural changes affect electrical conductivity, and fat content decreases conductivity. 
Analogous to the thermal properties, the porosity of the food plays an important role 
in the conduction of electrons through the food. Electrical conductivity of different 
fruits and vegetables also follow a similar trend with temperature. Figure 5.3 gives 
the change in electrical conductivity of three different vegetable materials during 
conventional heating and Table 5.1 gives the electrical conductivity of various com-
mon food materials.
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FIGURE 5.3  Electrical conductivity of vegetable tissue during conventional heating. (From 
Palaniappan, S., and S.K. Sastry. 1991. Electrical conductivity of selected solid foods during 
ohmic heating. Journal of Food Process Engineering 14:221–236. Reprinted with permission 
from John Wiley and Sons. Wiley Press, License number 2620901126146, dated March 02, 
2011.)
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5.3  ELECTRICAL CAPACITANCE

The electrical capacitance of any food material is its capacity to store and dissipate 
electrical energy. It is a factor of its electrical permittivity, which is a dielectric prop-
erty used to explain interactions of foods with electric fields.

The cell membrane is nonconducting, but in intact cells, the presence of an inter-
nal electrolyte gives rise to an induced capacitance in an alternating electric field. 
This effect has been used to measure the cell population density (biomass) in a cell 
culture. The effects of freezing on cell integrity are also reflected in the dielectric 
properties of foods. Dielectric properties can also be utilized to monitor the change 
in cell size and to measure the cell membrane permeability.

5.4  DIELECTRIC PROPERTIES

Dielectric properties determine the interaction of electric fields and in turn the elec-
tromagnetic waves with matter, and defines the charge density under an electric field. 
The electrical field inside the food is determined by the dielectric properties and the 
geometry of the load, and by the oven configuration. These properties are also use-
ful in detecting processing conditions, or the quality of foods. The major uses for 

TABLE 5.1
Electrical Conductivity of Common Food Materials

Sample
Electrical Conductivity

(mS/cm)

Pear 0.41

Apple 0.23

Potato 0.38

Turnip 0.26

Onion 0.22

Tomato 0.45

Pepper 0.48

Mushrooms 0.22

Carrot 0.25–0.42

Chicken 0.8

Egg White 0.71

Egg Yolk 0.37

Source: Amiali, M., Ngadi, M.O., Raghavan, G.S.V., and D.H. Nguyen. 
2006. Electrical conductivities of liquid egg products and fruit 
juices exposed to high pulsed electric fields. International 
Journal of Food Properties 9(3):533–540; Sanjay S., Sastry, 
S.K., and L. Knipe. 2008. Electrical conductivity of fruits and 
meats during ohmic heating. Journal of Food Engineering 
87(3):351–356.
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dielectric properties are measurement of the current status of the food material and 
in electromagnetic heating applications.

Historically, the interest in dielectric properties of materials has been associated 
with the design of electrical equipment, where various dielectrics are used for insu-
lating conductors and other components of electric equipment. Measurement of the 
bulk dielectric properties (dielectric constant, dielectric loss factor) is not an end 
unto itself. Rather, these properties are an intermediary vehicle for understanding, 
explaining, and empirically relating certain physicochemical properties of the food 
material. Measurements of the dielectric properties of materials are finding increas-
ing application as new electrotechnology is adapted for use in food and bioprocess-
ing industries.

As dielectric properties describe how the material interacts with electromag-
netic radiation, they are also important in the selection of proper packaging mate-
rials and cooking utensils, and in the design of microwave and radio frequency 
heating equipment.

Knowledge of dielectric properties in partially frozen material is critical in deter-
mining the rates and uniformity of heating in microwave thawing. As the ice in 
the material melts, absorption of energy increases tremendously. Thus, the portions 
of material that thaw first absorb significantly more energy and heat at increasing 
rates, which can lead to localized boiling temperatures while other areas are still 
frozen. Salt affects the situation through freezing point depression, leaving more 
water unfrozen at a given temperature.

In solids, liquid, and gases, the dielectric properties depend on two values, namely 
the dielectric constant (έ ) and the dielectric loss factor (ε˝).

5.5  DIELECTRIC CONSTANT

Dielectric constant έ  is related to the capacitance of a substance and its ability to 
store electrical energy.

5.6  DIELECTRIC LOSS

The dielectric loss factor is related to energy losses when the food is subjected to an 
alternating electrical field (i.e., dielectric relaxation and ionic conduction). The loss 
component of the complex conductivity is included in the dielectric loss component 
of the complex permittivity (Equation [5.3]).

 ε = έ  – jε˝  (5.3)

5.7   RELATIONSHIP BETWEEN ELECTRICAL 
CONDUCTANCE AND CAPACITANCE

In practical applications, the parameter customarily used to define the electric prop-
erty of any material is the permittivity of materials relative to the free-space permit-
tivity, εo.
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The complex relative permittivity is, therefore, given by Equation (5.4):

 εr = εŕ  – jεr̋  (in other form) ε/εo = έ /εo – jε /̋εo  (5.4)

where the real component is the relative dielectric constant, and the imaginary com-
ponent is the relative dielectric loss factor. The extent of the dielectric loss that can 
happen in a material in relation to its dielectric constant at any given frequency is a 
good quantifier of the material’s ability to convert electrical energy to heat energy. 
The loss tangent (tangent of the loss angle of the dielectric), also called the dissipation 
factor, is related to the dielectric constant and loss factor as given by Equation (5.5):

 tanδ = εr /̋ ε ŕ  (5.5)

The AC conductivity of a material is given by Equation (5.6):

 σ = ωεo εr˝ (5.6)

where ω = 2πf is the angular frequency of the alternating fields. The dielectric con-
stant, loss factor, and loss tangent are dimensionless quantities, but the conductivity 
can be expressed as given by Equation (5.7):

 σ = 0.556 fεr˝ (5.7)

where the unit of conductivity would be nmhos per cm when f is in kHz, in μmhos 
per cm when f is in MHz, and in mmhos per cm when f is in GHz, which is equal to 
a conductivity of 10−1 siemens per meter (S/m).

5.8  REACTION TO ELECTROMAGNETIC RADIATION

Permittivity and moisture are closely correlated when the water content is high. 
Properly designed electrical instruments can be used to determine moisture content 
or water activity. At high frequencies that are too high for the ionic conductivity, 
alternating electric fields produce an additional component of conductivity leading 
to the capacitance of the food material, and food material will act like a dielectric 
material for a capacitor in an AC circuit. Figure 5.4 represents the dipole rotation of 
a water molecule, which results in molecular friction and heating at high-frequency 
dielectric heating.

Basically, the dielectric constant of a material is related to its capability for stor-
ing energy in an electric field in the material, whereas the loss factor is related to the 
material’s capability for absorbing energy from the field. The ratio of the capacitance 
of a capacitor, with the food material as its dielectric, to the capacitance of the same 
capacitor with air (or more properly, with a vacuum as its dielectric), is known as the 
dielectric constant of a material. When the material is exposed to alternating electric 
fields, the index of the material’s energy dissipation characteristics is known as its 
dielectric loss tangent.
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In foods, permittivity can be related to chemical composition, physical struc-
ture, frequency, and temperature, with moisture content being the dominant factor. 
Dielectric properties (έ , ε˝) are primarily determined by their chemical composition 
(presence of mobile ions and permanent dipole moments associated with water and 
other molecules) and, to a much lesser extent, by their physical structure. The influ-
ence of water and salt (or ash) content largely depends on the manner in which they 
are bound or restricted in movement by other food components. Free water and dis-
sociated salts have a high dielectric activity, while bound water-associated salts and 
colloidal solids have low activity.

Power dissipation is directly related to the dielectric loss factor ε̋  and depends on 
the specific heat of the food, density of the material, and changes in moisture content 
(for example, vaporization). Permittivity also depends on the frequency of the applied 
alternating electric field. Frequency contributes to the polarization of molecules such 
as water. In general, the dielectric constant increases with temperature, whereas the 
loss factor may either increase or decrease depending on the operating frequency. Both 
the dielectric constant έ  and loss factor ε̋  decrease significantly as more water freezes.

Studies of heating uniformity and temperature elevation rate involve dielectric 
properties. Large internal hot and cold areas, internal focusing effects, and the edge-
heating phenomenon are some of the typical features of power density patterns of 
a load. For example, when a raw egg is heated in a microwave environment it may 
explode because the power density near its center is much higher than in other parts, 
causing violent shattering as the interior becomes superheated. The dielectric prop-
erties of materials are very important in evaluating the penetration depth of energy 
that can be achieved in a certain food.

By understanding and fine tuning all these parameters, raw eggs can be success-
fully pasteurized in a microwave environment.

5.9  NOVEL MEASURING TECHNIQUES AND APPLICATIONS

The measurement of the conductivity of a material is generally done by passing 
a known amount of current at constant voltage through a known volume of the 
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FIGURE 5.4  Dipole rotation of a water molecule subjected to electromagnetic radiation.
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material and by determining resistance. The total conductivity is then calculated by 
taking the inverse of the total resistivity. These basic measurements consist of bridge 
networks (such as the Wheatstone bridge circuit) or a galvanometer. There are other 
devices that measure electrical conductivity of foods under ohmic or conventional 
heating conditions, using thermocouples and voltage and current transducers to mea-
sure voltage across and current through the samples.

Known methods for measuring dielectric properties are cavity perturbation, 
open-ended coaxial probe, and transmission line methods. Since modern microwave 
network analyzers have become available, the methods of obtaining dielectric prop-
erties over frequency ranges have become more efficient. Computer control of imped-
ance analyzers and network analyzers has facilitated the automatic measurement of 
dielectric properties over wide frequency ranges, and special calibration methods 
have also been developed to eliminate errors caused by unknown reflections in the 
coaxial-line systems. Distribution functions can be used in expressing the tempera-
ture dependence of dielectric properties (Venkatesh and Raghavan, 2005).

The measurement of electrical conductivity in foods is used in food quality testing 
laboratories for the testing of fats and oils to determine the oil stability index (OSI), 
which is an indicator of their shelf stability or stability against oxidation (oxidative 
rancidity). The fat or oil is made to oxidise and the short-chain fatty acids, which are 
products of oxidation, are dissolved in water; the change in electrical properties of 
the water is directly proportional to the extent of oxidation, and therefore provides an 
index of stability for the oil or fat (Pike, 2001).

Electrical conductivity can be measured using conductivity or an inductance, 
capacitance, resistance (LCR) meter. Ruhlman et al. (2001) used an electrical con-
ductivity meter to measure electrical conductivities of different products, including 
apple and orange juices, at temperatures between 4 and 60°C. Other authors have 
also used conductivity meters to determine electrical conductivities of different food 
products, including orange, apple, and pineapple juices, at a constant temperature of 
20°C (Raso et al., 1998). However, most commonly available conductivity meters 
may not be suited for measurement of high-conductivity products. Marcotte et al. 
(2000) used a static ohmic heating cell to measure electrical conductivity of some 
hydrocolloid solutions.

For pulsed electric field (PEF) applications, it is more suitable to determine elec-
trical conductivity on-line while the product is treated in a treatment chamber. This 
will allow measurement of conductivity and monitoring of changes in the product 
during a PEF treatment. This approach has not been reported in the literature. Data 
on the relationship between temperature and electrical conductivity of liquid foods is 
scarce and has not been investigated using PEF technology as a measurement device 
(Zhang et al., 1994; Dunn et al., 1987).

Measurements of electrical properties through nonmagnetically permeable met-
als using directed magnetic beams and magnetic lenses (Amini, 2003) is one of 
the buzzing, up-to-date technologies. Real-time monitoring of fresh fruits and veg-
etables for freezing/chilling injury by measuring the change in electrical proper-
ties continuously helps prevent chilling injuries (Zhang et al., 1992; Ishikawa et al., 
1997). Electric property measurements help on-line assessment and determination of 
accretion in fermentation reactors (Davey, 1991).
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5.10  CONCLUSIONS

Electrical properties of naturally occurring food materials and food products 
vary widely depending on several factors. Frequency and temperature are the 
basic factors that influence values of electrical properties. Knowledge of the fre-
quency dependence can be helpful in predicting the dielectric behavior of food 
materials. The dielectric constant of a material either decreases or remains con-
stant as frequency increases, and the increase or decrease in the loss tangent 
and the dielectric loss factor with frequency depends upon the frequency range 
and the nature of the absorption process. Conductivity generally increases with 
increasing frequency, but is also dependent upon the loss factor. Temperature 
dependence is closely related to frequency dependence in theory, and the nature 
of the dispersion can be explored by varying either of these factors. For every 
food material, the relaxation frequency increases as temperature increases, as 
a consequence of the decrease in relaxation time within a certain range of fre-
quencies, the dielectric constant increases with increasing temperature whereas 
outside the range it decreases with increasing temperature. This range is termed 
as the dielectric dispersion region. Measurement of electrical properties of food 
materials and correlating them to different quality and processing parameters 
would help innovation and push real-time quality monitoring and process control 
to its limits.
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6 Thermodynamic 
Properties of Agricultural 
Products Processes

Paulo Cesar Corrêa, Gabriel Henrique Horta de 
Oliveira, and Emílio de Souza Santos

6.1  POSTHARVEST PROCESSES

With the increasing production of crops, the study of new technologies and solutions 
to problems related to postharvesting has become indispensable, particularly with 
regard to storage options. In order to guarantee the quality and conservation of grain, 
important postharvest procedures should be followed, including safe transport and 
the storage of products in dry, well-ventilated facilities, with low levels of moisture 
content (X).

Drying of foodstuff is one of these postharvest processes, and is indispensable to 
control and maintain the quality of these products. The main objective of drying is 
to reduce the X and water activity (aw) to certain levels, since these properties are key 
quality factors. Too high X and aw may lead to microorganism growth and fermenta-
tion of the product, which deteriorates the quality, while too low X and aw may lead 
to excessive energy consumption and product quality damages.
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The development of drying equipment, the calculation of dehydration process 
energy requirements, the determination of water properties on the food surface, and 
the determination of sorption kinetic parameters are some of the items for which 
thermodynamic properties provide useful information (Corrêa et al., 2007). The 
thermodynamic concept of aw (Lewicki, 2004) is used in drying applications through 
the sorption isotherms.

6.2 SORPTION ISOTHERMS

In order to correctly conduct drying and storage operations, it is necessary to know 
the relationship between air temperature (T) and relative humidity (RH), and desir-
able conditions for preserving the product. To obtain this information, sorption iso-
therms are indispensable.

Simal et al. (2007) reports that engineering design is an important application of 
sorption isotherms in separation processes when interface water transport is involved. 
Thermodynamics in sorption processes is used to understand water properties and 
for calculation of the required energy associated with heat and mass transfer in bio-
logical systems, properties of water, food microstructure, physical phenomena on 
food surfaces, and sorption kinetic parameters (Corrêa et al., 2010a). The thermo-
dynamic properties of sorption provide a better understanding of the equilibrium 
state of water under certain T and RH conditions (Fasina, 2006). They offer infor-
mation regarding sorbent affinity to water and the spontaneity of the sorption pro-
cess; they also define the concept of an order⁄disorder state in water-sorbent systems. 
Thermodynamic functions can be obtained through sorption isotherms, facilitating 
the interpretation of thermodynamic parameters (Rizvi and Benado, 1984).

Moisture sorption isotherms for materials describe the equilibrium relationship 
between X and RH of the surrounding environment, which is equal to aw at the 
equilibrium state. The equilibrium moisture content (Xeq) is reached when the par-
tial pressure of water vapor in the product is equal to the partial pressure of water 
vapor of the surrounding air. The Xeq of a hygroscopic product under given T and 
RH conditions depends on the path used to achieve that equilibrium. At a given RH, 
two different isotherms, called adsorption and desorption isotherms, can thus be 
obtained as a function of the initial experimental conditions. The difference between 
desorption and adsorption is known as hysteresis (Wolf et al., 1972).

Water sorption isotherms are unique for individual foodstuffs and are a useful 
tool for understanding the moisture relationship of a material and consequently its 
stability problems, leading to a better understanding of moisture variations during 
storage. This information is then used directly to solve food processing design prob-
lems and to predict energy requirements.

Sorption isotherms can be expressed by mathematical models. There are over 
200 models proposed in the literature to represent hygroscopic equilibrium of agri-
cultural models. These models differ in their theoretical or empirical basis and in 
the number of parameters involved (Mulet et al., 2002). The description of sorption 
isotherms of agricultural products can be made by more than one model of Xeq. The 
main criteria to select models are the adjustment degree to experimental data and the 
simplicity of the model (Furmaniak et al., 2007).
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Several models currently used to describe moisture sorption isotherms can be sep-
arated into different groups: kinetic models based on a monolayer (BET [Brunauer, 
Emmett, and Teller] model), kinetic models based on a multilayer and condensed 
film (GAB [Guggenheim, Anderson, and De Boer] model), semi-empirical (Ferro-
Fontan, Henderson, and Halsey models) and empirical models (Smith and Oswin 
models). The GAB equation has been recommended by the European Project Group 
COST 90 on Physical Properties of Foods (Wolf et al., 1985) as the fundamental 
equation for the characterization of water sorption of food materials. The major 
advantages of the GAB model (Equation [6.1]) are its theoretical background, its 
physically meaningful parameters, and its adequacy in describing experimental data 
of water activity up to 0.90.

 X X CKa
Ka Ka CKaeq

m w

w w w
=

− +( )( – )1 1  (6.1)

where Xeq is the equilibrium moisture content, % d.b.; aw is the water activity, deci-
mal; Xm is the monolayer moisture content, % d.b.; and C and K are GAB constants 
and are related to monolayer and multilayer properties (van den Berg, 1984).

6.3 DRYING

Drying is defined as a simultaneous process of heat and mass transfer (moisture) 
among the product and drying air. Drying diminishes the respiration rate of the 
product and increases the storage time with the minimum possible loss (Corrêa et 
al., 2010c).

According to Incropera and Dewitt (2002), drying conditions during drying 
of agricultural products are considered to be isothermal and moisture transfer is 
restricted to the product surface. However, the knowledge of water molecule move-
ment within the product is of vital importance to the correct study of interactions 
between water and agricultural components. Moisture can move inside agricultural 
products during drying in different ways, among them liquid diffusion, capillary 
diffusion, surface diffusion, hydrodynamic flow, and vapor and thermal diffusion 
(Martinazzo et al., 2007).

In addition to sorption isotherms, thermodynamic properties during the drying 
procedure can be studied. Corrêa et al. (2010b) accomplished an analysis of the dry-
ing rate coefficient, obtained from drying curves. The methodology used in this 
work is explained later in this chapter. These authors used coffee grain dried at 
three different temperatures (35°, 45°, and, 55°C), concluding that enthalpy values 
decreased along with temperature increase.

6.4 THERMODYNAMIC PARAMETERS

An understanding of the water properties in relation to a biological system can be 
classified into three categories: structural, dynamic, and thermodynamic (Rizvi 
and Benado, 1984). As stated before, the thermodynamic approach provides an 
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understanding of water equilibrium with its surroundings at a certain RH and T 
condition.

The following thermodynamic parameters have been studied over the past years 
by different authors, including isosteric heat of sorption or differential enthalpy 
(ΔH), differential entropy (ΔS), Gibbs free energy (ΔG), activation energy, enthalpy–
entropy theory or isokinetic theory.

The information that water sorption isotherms and ΔH (which is the energy 
required of the process being studied) provides is essential in modeling several food 
industry processes (Goneli et al., 2010a). Besides required energy, these properties 
can provide important information in respect to sorption mechanisms and interac-
tions between product components and water molecules (Tolaba et al., 2004). Also, 
it affects the equipment design procedures for dehydration processes and the qualita-
tive understanding of the state of water on the food surface.

With drying on the scope, ΔH is used as an indicator of the binding strength of the 
water to the solid (Moreira et al., 2008), meaning the higher the magnitude of this 
parameter, the more tightly water is bound to the product. According to Wang and 
Brennan (1991), for water removal from hygroscopic materials, the required energy 
is greater than that required to vaporize the same amount of free water, at the same 
temperature and pressure conditions. Because of the strong bonds between water and 
the surface of the adsorbent substance, this additional energy is denoted as the isos-
teric	heat	of	sorption in the drying processes and is a good parameter for estimating 
the minimal amount of heat required to remove a quantity of water from the product, 
as well as to provide data on the state of moisture in the product (Oliveira et al., 
2010). Alterations of this parameter along with moisture content indicates the avail-
ability of polar sites to water vapor as sorption (desorption or adsorption) proceeds.

The sorption processes in systems exhibiting hysteresis involve thermodynami-
cally irreversible phenomena. Different authors have explained this phenomenon and 
Al Hodali (1997) correlated the hysteresis effect with the rigidity of the structure of 
a pore connected to a small capillary. During the adsorption process, the capillary 
begins to swell as a consequence of the rise in RH when the pore was still empty. 
The X	moves to the interior of the pore when the partial vapor pressure of the air 
becomes higher than the capillary pressure. In desorption, the pore is saturated at the 
beginning of the process. The water diffusion occurs surrounding the grain surface 
when the partial vapor pressure of the surrounding air is lower than the vapor pres-
sure inside the capillary. The differences between the adsorption and desorption can 
be observed because of the exposure to the elevated capillary diameters present in 
the pores (Lahsasni et al., 2003).

The differential entropy production arises from this irreversibility due to hys-
teresis. Entropy is associated with the forces of attraction or repulsion of water 
molecules to product components and is linked with the spatial arrangement of the 
water–sorbent relationship. Thus, it defines the number of available desorption sites 
corresponding to a specific energy level as proportional to ΔS, which describes the 
degree of disorder and motion randomness of water molecules. It is a measurement 
of the mobility of the adsorbed water molecules, indicating the level at which the 
water and substrate interaction is greater than the interaction between the water mol-
ecules, as stated by Moreira et al. (2008). Also, the entropy variation is useful for the 
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interpretation of procedures at food processing such as dissolution, crystallization, 
and swelling.

The feasibility and extent of a chemical reaction is best determined by measuring 
the changes in Gibbs free energy (ΔG), that is, the vaporization of water during the 
dehydration process. Gibbs function of a fixed mass is also correlated to be a mea-
sure of its potential to perform optimum work in a steady flow reactor (Annamalai 
and Puri, 2002). According to Telis et al. (2000), ΔG is indicative of the affinity of 
sorbents for water and provides a criterion of whether water sorption occurs as a 
spontaneous process. Based on its sign, this parameter is indicative of whether water 
sorption is a spontaneous (ΔG < 0) or nonspontaneous (ΔG > 0) process.

Activation	 energy (Ea) is defined as the energy that must be overcome or the 
minimum energy necessary to initiate a chemical reaction (Oliveira et al., 2010). It 
may also be defined as the minimum energy required for starting a chemical reac-
tion. Activation energy can be thought of as the height of the potential that separates 
two minima of potential energy. For a chemical reaction to proceed at a reasonable 
rate there should exist an appreciable number of molecules with energy equal to or 
greater than the activation energy.

Enthalpy–entropy compensation, primarily applied by Bell (1937), is a theory that 
has been extensively considered in research regarding the physical and chemical phe-
nomena involved in the water sorption process. This theory states that when a chemical 
reaction exhibits a linear relationship between enthalpy and entropy, it provides a strong 
form of compensation; the weak form of compensation is described when ΔH and ΔS 
have the same sign because a change occurs in some thermodynamic quantity exclud-
ing temperature. According to Laidler (1959), the compensation arises from changes 
in the nature of the interaction between the solute and solvent causing the reaction, and 
the relationship between enthalpy and entropy for a specific reaction is linear.

For a linear or strong enthalpy–entropy compensation, the isokinetic temperature 
(Tb) can be determined from the slope of the line, and if the theory is valid, should be 
constant at any point (Heyrovsky, 1970). This author states that at this temperature 
all the reactions in the series proceed at the same rate. According to Lai et al. (2000), 
the existence of the compensation theory implies that only one reaction mechanism 
is followed by all members of the reaction series, and therefore, a reliable evaluation 
of the isokinetic relationship aids elucidation of the reaction mechanisms.

6.5 EXPERIMENTAL PROCEDURES

6.5.1  Sorption iSothermS

There are two methods to determine the equilibrium moisture content of agricultural 
products: the static or dynamic (gravimetric) method. In the dynamic or gravimetric 
method, the air is mechanically moved and therefore requires less time to reach the 
equilibrium between the product and the air. The static method may require several 
weeks depending of the initial conditions of moisture content of the product. Thus, 
the dynamic method is preferred.

To obtain the isotherms, specific saturated saline solutions and acid solutions for 
each desired relative humidity at a certain temperature can be used inside desiccators 
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or dryers (static method). Several authors used saturated saline solutions in order 
to acquire sorption isotherms (Goneli et al., 2010a, 2010b; Corrêa et al., 2010a; 
Mujumdar, 2006). Saturated saline solutions may also be used along with air flow in 
order to minimize the required time to reach equilibrium (dynamic method).

The dynamic or gravimetric method is simple and yields reliable results, and it 
can be a fully automated measuring system or it can be measured using weight mea-
surements. In order to attain equilibrium, three consecutive weight measurements 
are commonly used, and consecutive readings yield variations that must be lower 
than 0.01 g.

As stated before, several mathematical models can be used to represent the exper-
imental data of sorption of agricultural products. However, there are few models 
that possess a theoretical background, and over the past years, the Guggenheim-
Anderson-De Boer (GAB) model has been successfully applied to different agricul-
tural products. Its parameters are meaningful and allow the study of heat and mass 
transfer in a more detailed analysis, as explained below.

The monolayer moisture content (Xm) indicates the quantity of water molecules 
that are strongly adsorbed to specific sites at the food surface. Alterations of 
this parameter with temperature are a result of modifications in the physical and 
chemical characteristics of the product due to temperature (Perdomo et al., 2009). 
Components of agricultural products also affect the behavior of Xm; Oliveira et al. 
(2010), studying different corn cultivars, reported that the cultivar with the highest 
sugar content presented lower binding strength of water to solid. Also, the mono-
layer moisture content is recognized as the safest X, providing the longest time 
period with minimum quality loss at a certain temperature during preservation, 
and values below Xm lead to a decrease of deteriorative reactions, pest attacks, and 
respiration rate of the product.

The C constant in the GAB model is associated with the difference in chemical 
potential between the monolayer and the upper layers. This parameter allows us to 
classify sorption isotherms according to Brunauer’s classification (Brunauer et al., 
1940). The constant K corresponds to the difference in chemical potential between 
the multilayer state and the water’s pure liquid state.

Using the results from the GAB parameters, enthalpy values for each coefficient 
can be calculated using ln Xm, ln C, and ln K versus the inverse of absolute tempera-
ture, as described by Simal et al. (2000) and shown in Equations (6.2), (6.3), and (6.4):
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In which C0 and K0 are equation parameters, dimensionless; U0 is the equation 
parameter, % d.b.; T is temperature, °C; ΔH1, ΔH2, and ΔH3 are enthalpy values from 
GAB model coefficients, kJ kg−1; and, R is the water vapor constant, 0.462 kJ kg−1 
K−1.

6.5.2   iSoSteric heat of Sorption, Differential 
entropy, anD GibbS free enerGy

The isosteric heat of sorption is a differential molar quantity derived from the tem-
perature dependence of the isotherm at a constant amount of sorbed water moles (nw) 
(Equation [6.5]).

 
∂
∂

=
ln( )p
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2  (6.5)

in which p is the partial pressure of water vapor; T is temperature, °C; ΔH is the 
isosteric heat of sorption, kJ kg−1; R is the water vapor constant, 0.462 kJ kg−1 K−1; 
and TK is temperature, K.

The net isosteric heat of sorption is derived from moisture sorption data using the 
Clausius-Clapeyron equation (Equation [6.6]):
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in which p0 is saturation pressure; ΔHvap is the latent heat of vaporization of pure 
water, kJ kg−1. The ΔHvap is obtained for the average temperature (Tc) of the sorption 
isotherms using Equation (6.7):

	 ΔHvap = 2502.2 – 2.39 Tc (6.7)

Subtracting Equation (6.6) from Equation (6.5) results in Equation (6.8):
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in which ΔHst is the net isosteric heat of sorption, kJ kg−1.
The net isosteric heat of desorption is obtained by subtraction ΔHvap from ΔH. 

Integrating Equation (6.5) and assuming that ΔHst is independent of T, the isosteric 
heat of sorption is calculated for each Xeq, according to Equation (6.9) (Wang and 
Brennan, 1991).
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Alterations in the differential entropy of sorption (ΔS) are calculated by means of 
the Gibbs-Helmholtz equation (Equation 6.10):

 S H G
T
st

K
=

−  (6.10)

in which ΔS is the differential entropy of sorption, kJ kg−1 K−1; and ΔG is the Gibbs 
free energy, kJ kg−1 mol−1.

Gibbs free energy is calculated through the Van’t Hoff equation, which relates 
the change in temperature to the change in the equilibrium constant given the stan-
dard enthalpy change for the process. ΔG is calculated by means of Equation (6.11) 
(Moran and Shapiro, 2006), and it is a function of temperature and relative humid-
ity. For desorption, the changes are positive, while they are negative in the case of 
adsorption (Atkins, 2000).

	 ΔG = ± RTK ln aw (6.11)

The influence of water sorption variations over free energy is normally accom-
panied by enthalpy and entropy changes. Thus, substituting Equation (6.11) into 
Equation (6.10) and rearranging, Equation (6.12) can be obtained:

 lna H
RT

S
Rw

st

K
=± −  (6.12)

ΔHst	and ΔS are calculated using Equation (6.12) and plotting ln (aw) values ver-
sus to the respective values of Xeq. The magnitudes of aw, TK and Xeq are acquired 
through the equation that best fits the sorption experimental data.

6.5.3  enthalpy–entropy compenSation theory

According to the enthalpy–entropy compensation theory explained previously, the 
linear relationship between enthalpy and entropy for a specific reaction is given by 
Equation (6.13):

	 ΔHst	=	TB	(ΔS) + ΔGB (6.13)

in which, TB is the isokinetic temperature, K; and ΔGB is the Gibbs free energy at the 
isokinetic temperature, kJ kg−1 mol−1.

The TB represents the T in which all reactions occur at the same rate. Once the 
enthalpy and entropy are highly correlated, it is assumed that the compensation the-
ory can be valid for the sorption process. To confirm the existence of the compensa-
tion, the TB is compared with the harmonic mean temperature (Thm), which is defined 
by Equation (6.14):
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in which Thm is the harmonic mean temperature, K; and nt is the number of tempera-
tures utilized.

An approximate confidence interval, (1 − α)100%, to the TB can be calculated 
using Equation (6.15):

 T T t Var TB B m B= ± −
ˆ ( ), /2 2α  (6.15)

in which and Var	(TB) are calculated using Equations (6.16) and (6.17), respectively.
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in which m is the number of data pairs of enthalpy and entropy; Hst is the mean 
enthalpy, kJ kg−1; and S is the mean entropy, kJ kg−1 K−1.

A linear compensation pattern only exists if TB ≠ Thm. Moreover, if TB > Thm, the 
process is enthalpy driven, while the opposite condition is considered to be con-
trolled by entropy.

The well-known Arrhenius equation (Equation 6.18) and the Xm values obtained 
through statistical procedures are used to obtain the values of Ea. This equation 
gives the relationship between activation energy and the velocity at which the reac-
tion occurs:

 X A E
RTm

a

K
= −0 exp  (6.18)

in which A0 is the pre-exponential factor, % d.b.; and Ea	is the activation energy, kJ kg−1.

6.5.4  DryinG

Corrêa et al. (2010b) obtained the thermodynamic properties regarding the drying 
rate for coffee fruits. These authors obtained the k values (drying rate) through fit-
ting of drying curves (moisture ratio) using known models such as Page, Midili, 
and Verna, and applied the method described by Jideani and Mpotokwana (2009) 
(Equations [6.19], [6.20], and [6.21]) to acquire the thermodynamic parameters of 
drying process:
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 ΔH* = Ea – RT (6.19)

 S R A k
h

TB

p
K

∗ = − −ln ln ln0  (6.20)

 ΔG* = ΔH* – TΔS* (6.21)

in which ΔH* is enthalpy, J mol−1; ΔS* is entropy, J mol−1; ΔG* is Gibbs free energy, J 
mol−1; kB is the Boltzmann constant, 1.38 × 10−23 J K−1; and hP is the Planck constant, 
6.626 × 10−34 J s−1.
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7 Flow Properties of Foods

Paulo Cesar Corrêa, Emílio de Souza Santos, 
and Pedro Casanova Treto

7.1  INTRODUCTION

Most operations of separation, conservation, and processing of agricultural prod-
ucts use air or water as a transportation medium of mass (impurity and water) and/
or energy. Therefore, we need to know how the flow passes through the product, in 
addition to the transfer phenomena and thermodynamics of the fluid and the product, 
in order to correct handling and simulation of these operations.

7.2  DRAG OF SOLID FOODS

The external flow passing through the product is important in separation operations, 
which comprise studies of the boundary layer, drag forces, and terminal velocity. 
Knowledge of terminal velocity and the impurities associated with a product is of 
fundamental importance in the development of separation machinery that uses a 
fluid to remove impurities.
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7.2.1  Mechanics

Whenever there is relative motion between a solid body and a viscous fluid sur-
rounding it, the body will experience tangential stresses at its surface due to viscous 
action and normal stresses as a result of local pressure. The resultant force, Fr, at this 
surface is resolved into the drag force, Fd, acting parallel to the direction of relative 
motion, and lift force, Fl, acting perpendicular to the motion. A scheme is shown in 
Figure 7.1.

The equation to calculate the drag force has been derived by dimensional analy-
sis, considering the force function of the surface area of the product, A; the relative 
velocity, V; the fluid density, ρf; and the fluid viscosity, η. Thus, the drag force is 
given by Equation (7.1).

	 F CA V
d

p f=
ρ 2

2
 (7.1)

in which
Fd is the drag force, N
C is the drag coefficient, dimensionless
Ap is the projected area of the object, m2

ρf is the fluid density, kg m−3

V is the relative velocity between the object and the fluid, m s−1

In common separation systems, the particles are separate when one particle 
moves in a different direction than other particles, due to the difference between 
its drag forces. As discussed, the drag force is function of the relative velocity 
between the body and the fluid, which turn the measure of this force hard to be 
done. For this reason, terminal velocity (Vt) is used as a parameter in designing 
separation systems.

When a body is moving though a fluid, due to the action of constant force (e.g., 
centripetal or gravitational force), a drag force arises as a reaction. When the vectors 
of these forces are in equilibrium, the body acceleration is annulated, and begins 
movement at a constant velocity called terminal velocity (Mohsenin, 1986). A 
scheme is shown in Figure 7.2.

–p

+p

Fl

Fr

Fd

Vp

V, p

τ

FIGURE 7.1  Flow through an immersed body.
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In that way, when the drag force and the force due to gravity are in equilibrium, 
the relative velocity between the fluid and the object is equal to the terminal velocity 
of the object. Thus, from Equation (7.1), Equations (7.2) and (7.3) can be obtained. 
These equations relate the drag coefficient and the terminal velocity with the remain-
ing parameters:

 

F m g

F CA V

g p
p f

p

d
p f t

=
−( )

=

ρ ρ

ρ

ρ 2

2  

in which
ρp is the particle density (or real), kg m−3

g is the gravity acceleration, m s−2

mp is the particle mass, kg
Vt is the terminal velocity, m s−1

Thus:

 

m g CA V
p

p f

p

p f tρ ρ

ρ
ρ−( )

=
2

2
 

Fd

Fg

FIGURE 7.2  Force diagram of a body in a flow when it reaches terminal velocity.
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Rearranging this equation:

	 V
W

A Ct
p f

p f p
=

−( )2
1

2
ρ ρ

ρ ρ
 (7.2)

or

	 C
W
V At

p f

t p p f
=

−( )2
2

ρ ρ

ρ ρ
 (7.3)

in which W is the particle weight, N.
Notice that the drag coefficient and terminal velocity are intimately connected 

and cannot be determined individually through these relationships. The drag coeffi-
cient is a dimensionless fluid dynamic that depends upon the shape and size of a par-
ticle immersed in a flow. Two objects with the same area moving at the same velocity 
are submitted to a drag force proportional to their drag coefficients; solid objects can 
obtain higher values than hollow objects. In order to estimate the terminal velocity of 
a grain, Equation (7.2) can be used along with average values of the drag coefficient 
obtained experimentally.

The drag coefficient is a function of shape, roughness, Reynolds number, orienta-
tion, and other parameters. In general, determination of the drag coefficient must 
be experimental. Many models have been presented in the literature, most of them 
validated with experimental values for each product and conditions.

7.2.2  experiMental techniques

For practical purposes, in airflow separation systems, the terminal velocity can be 
experimentally obtained when the grain is floating in air at a constant height inside 
an acrylic tube connected to a fan, by measuring the air velocity. An example of such 
equipment is shown in Figure 7.3. Most agricultural products present a decrease of 
terminal velocity with a decrease in moisture content. Table 7.1 shows some exam-
ples of drag coefficient values.

According to Couto et al. (2003), determination of experimental values of termi-
nal velocity of a body is frequently accomplished in two different ways: (a) determin-
ing the required velocity so that a body is able to float in an ascendant air flow; and 
(b) through the displacement measurement, as a function of time of the free fall of a 
particle. This movement can be defined by Equation (7.4):

	 m d x
dt

mg Fd
2

2 = −  (7.4)

in which
m is the particle mass, kg
x is the particle displacement, m
g is the gravity acceleration, m s−2

Fr is the resistant force, N
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Floating
zone

PVC tuve

Homogenizer 

Transition

Fan

Flow variator 

FIGURE 7.3  Scheme of the system used to determine the terminal velocity of solid foods.

TABLE 7.1
Some Examples of the Drag Coefficient

Airplanes, Buildings, and Agricultural Products Drag Coefficient

Learjet 24 0.022

Boeing 747 0.031

Empire State Building 1.3–1.5

Eiffel Tower 1.8–2.0

Corn 0.56

Soybeans 0.45

Alfalfa seeds 0.50

Cotton seeds 0.52

Barley seeds 0.50

Source: Bilanski et al., 1962
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When the particle reaches terminal velocity, the analytic solution for Equation 
(7.4) is Equation (7.5). This equation can be used to calculate the displacement when 
the product is submitted to an ascendant flow.

	 x V
g

g
V

tt

t
= ln cosh  (7.5)

Another method to estimate the terminal velocity and drag coefficient of grains 
is by using an abacus developed by Mohsenin (1986), shown in the Appendix of this 
chapter. They relate the products CNR

2 along with NR to different shapes of the object 
when the following are known:

 1. Physical properties of the product:
 Ap is the projected area of the object, m2

 ρp is the particle density, kg m−3

 W is the particle weight, N
 D is the equivalent diameter, m

 2. Fluid properties:
 η is the fluid viscosity, kg m−1 s−1

 ρf is the fluid density, kg m−3

It is known that the relationship between the Reynolds number and terminal 
velocity of a sphere of diameter D is given by Equation (7.6). The projected area of a 
sphere is given by Equation (7.7).

	 N V D
R

t f=
ρ

η
 (7.6)

	 A D
p =

π 2

4
 (7.7)

Thus, it is possible to obtain Equation (7.8), which relates the products CNR² to a 
sphere by combining Equations (7.3), (7.6), and (7.7), as illustrated here:
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 (7.8)
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The values of CNR
2 of objects that present a high sphericity index (Equation [7.9]) 

can be obtained by Equation (7.12), which considers the object’s weight (Equation 
[7.10]) and its equivalent diameter (Equation [7.11]).

	 Φ =
( )abc
a

1
3

 (7.9)

	 W gDp=
πρ 2

6
 (7.10)

	 D abc= ( )1
3  (7.11)

	 CN
gD

R
f p f2

3

2

4
3

=
−( )ρ ρ ρ

η
 (7.12)

in which
Ф is the sphericity, dimensionless
a, b, and c are the characteristic dimensions of the particle

After determining the CNR
2 value, the Reynolds number is estimated through the 

use of the abacus mentioned previously. Utilizing this Reynolds number, the termi-
nal velocity of the object is obtained by means of Equation (7.6). The drag coefficient 
is estimated by dividing the CNR

2 by the Reynolds number squared.
Several researchers obtained different values of terminal velocity as a function 

of moisture content (M), as shown in the Appendix at the end of this chapter. The 
following is an example of the method used in this work to determine values of the 
terminal velocity of agricultural products.

7.2.2.1  Example
The projected area, terminal velocity, and drag coefficient of a certain agricultural 
product, having moisture content ranging from 10.7 to 26.6 % w.b, has been calcu-
lated from the data shown in Table 7.2, which have been experimentally obtained. 
This has been done using the abacus and reflects air viscosity equal to 1.83 × 10−5, air 
density equal to 1.185 kg m−3, and gravity acceleration equal to 9.81 m s−2.

7.2.2.2  Solution
The projected area of the product can be approximated to the area of a sphere with 
diameter

 D A D
p =

π 2

4

Thus, it is possible to obtain the data shown in Table  7.3. Using Equation (7.14), 
the products CNR

2 are obtained, as shown in Table 7.4. Through the abacus shown 
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in Figure 7.4, NR values are determined and are shown in Table 7.5. Using NR in 
Equation (7.8), Vt can be estimated (see Table 7.6). 

The division between CNR
2 and NR

2
 results in the drag coefficient (C). Table 7.7 

shows the obtained values.
The behavior of terminal velocity of the product as a function of moisture content 

is shown in Figure 7.5.
Drag coefficient can be calculated based on the Wadell equation, cited by West 

(1972). This author established drag coefficient curves versus the Reynolds number 

TABLE 7.2
Experimental Data for a Certain Agricultural Product

Moisture Content 
(% w.b.) Sphericity (%) D (mm) ρp (kg m−³) Ap (m²)

26.6 85 10.79 932.53

22.7 87 10.69 888.90

15.1 83 10.58 874.44

13.6 82 10.55 738.62

10.7 82 10.53 690.02

TABLE 7.3
Projected Area Calculated from Data Shown in Table 7.2

Moisture Content
(% w.b.) Sphericity (%) D (mm) Ap (x 10−5 m²)

26.6 85 10.79 9.14

22.7 87 10.69 8.98

15.1 83 10.58 8.79

13.6 82 10.55 8.74

10.7 82 10.53 8.71

TABLE 7.4
CNR

2 Calculated from Data Shown in Table 7.2

Moisture Content (% w.b.) D (m) CNR
2 (× 107)

26.6 0.01079 5.41

22.7 0.01069 5.01

15.1 0.01058 4.78

13.6 0.01055 4.00

10.7 0.01053 3.72
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FIGURE  7.4  Reynolds number, NR, versus CNR2 for spheres (From Mohsenin, N.N. 
1986. Physical properties of plant and animal materials. New York: Gordon and Breach 
Publishers.)

TABLE 7.5
NR Obtained through the Abacus

Moisture Content (% w.b.) CNR
2 (× 107) NR

26.6 5.41 12860

22.7 5.01 11430

15.1 4.78 11070

13.6 4.00 10280

10.7 3.72 10000

TABLE 7.6
Vt Values Calculated Using Equation 7.8

Moisture Content
(% w.b.) CNR

2 (× 107) NR Vt (m s−1)

26.6 5.41 12860 18.4

22.7 5.01 11430 16.5

15.1 4.78 11070 16.2

13.6 4.00 10280 15.1

10.7 3.72 10000 14.7
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(NR), in different sphericities. The result was an empirical equation with NR values 
between 2,000 and 20,000, as a function of sphericity (Equation [7.13]).

	 C = 5.31 – 4.88 Ф (7.13)

Becker (1959) proposed an equation for the drag coefficient that depends on shape, 
orientation, and the Reynolds number. For a Reynolds number above of 2,000, the 
relationship is expressed by Equation (7.14).

	 C = 2.53 – 2.83 e2Ф (7.14)
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FIGURE 7.5  Terminal velocity of the product as a function of moisture content.

TABLE 7.7
Drag Coefficient of the Product

Moisture Content
(% w.b.) CNR

2 (× 107) NR C

26.6 5.41 12860 0.33

22.7 5.01 11430 0.38

15.1 4.78 11070 0.39

13.6 4.00 10280 0.38

10.7 3.72 10000 0.37
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7.3  FRICTION LOSSES ON FOOD PROCESSES

The internal flow passing through pipes and porous media is important in fluid 
transport, especially in the design of pumps, fans, and blowers. The mechanics 
between the solid surface and the fluid decrease the energy associated with the 
flow, which is called friction loss. As will be shown, the friction loss is related 
to solid surface and fluid properties. So, depending on the operation and the 
food state, the product can be considered as a fluid (oils, juices) or a solid media 
(grains, powders).

7.3.1  Fluid dynaMics

Any fluid moves from levels of higher energy to levels of lower energy. This concept 
is based on energy conservation. In a fluid system, the energy in a point has to be 
equal in another point, adding the transferred energy to another system. This is the 
Bernoulli concept and is defined in Equation (7.15) for an incompressible flow:

	 h P V
g

W F h P V
g1

1 1
2

2
2 2

2

2 2
+ + + − = + +
γ γ

 (7.15)

in which h is the fluid height, m; p is the pressure, Pa; γ is the fluid specific weight, 
N m−3; V the velocity, m s−1; g is the gravity, 9,81 m s−2; W is the energy added to the 
system, J N−1; and F is the energy loss due to friction, J N−1.

The friction term F in the Bernoulli equation represents the fluid dynamic energy 
loss due to effects such as internal fluid resistance, turbulence, and resistance of the 
flow retainer. The Darcy equation, shown as Equation (7.16), is the most widely used 
equation for determining friction loss in a circular pipe:

	 F f L
D

V
gp

=
2

2
 (7.16)

in which f is the friction factor; L is the length of pipe, m; and Dp is the internal 
diameter of pipe, m.

The friction factor is a function of the Reynolds number (NR), representing the fluid 
resistance and the specific roughness (e/Dp), representing the external resistance offered 
by the retainer. If NR < 2130, then the flow is laminar, and the friction factor must be 
calculated using Equation (7.3). If NR > 2130, the flow is turbulent, and the friction fac-
tor must be calculated by more complex equations, like the Colebrook-White equation 
(Equation [7.17]). The roughness factor (e) for various materials are given in Table 7.8:

 f
N f

e
D N fR p R

= = − +
64 3 1 2

3 7
2 51

10( ) log
,

,  (7.17)

in which e is the roughness factor, mm.
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When the pipe is not circular, the hydraulic diameter (Equation [7.18]) is used 
instead of the simple diameter, as an approximation. The friction loss due to valves, 
fittings, and contractions is generally given by the manufacturer as an equivalent 
length (Le/D). This parameter must be added to the Darcy equation to calculate the 
total friction losses of the system:

	 D A
Ph =
4  (7.18)

in which A is the transversal area of the pipe, m2; and P is the perimeter of the pipe, m.
As previously discussed, the friction factor is dependent on the Reynolds Number, 

which is dependent on density and viscosity. The greatest challenge for food technol-
ogists is determining these properties for all types of products and processes, since 
these properties vary greatly depending on the product constitution and the process 
changes. In Chapters 1 and 2, many techniques were presented to measure density 
and viscosity of foods, in order to fill this gap.

7.3.2  Fluid dynaMics through porous Media

When the product is a solid material and it is processed as a mass inside a volume, 
this product acts as a porous media that offers resistance to any fluid that crosses it. 
Therefore, the friction losses for this fluid increase as compared to the same empty 
volume.

7.3.2.1  Fundamentals
In 1856, Darcy published the first experimental work on flow through porous media. 
Based on a large amont of experimental data, he proposed a modification on the 

TABLE 7.8
Roughness Factor for Various Types of Pipes

Material e (mm)

Riveted steel 0.9–9.0

Concrete 0.3–3.0

Wood stave 0.2–0.9

Cast iron 0.26

Galvanized iron 0.15

Asphalted cast iron 0.12

Commercial steel 0.046

Drawn tubing 0.0015

Source: Adapted from Henderson, S.M., R.L. Perry, and J.H. 
Young. 1997. Principles of process engineering, 4th 
ed., 353. St. Joseph, MI: ASAE.
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momentum equation of flow through a pipe, which is defined by Equation (7.19) (De 
Wiest, 1969):

	 dp
dx k

V=
η

 (7.19)

in which dp/dx is the gradient pressure; Pa m−1; and k is the medium permeability, m2.
This relationship is valid only for a laminar flow through a porous media. It was 

verified that for a turbulent flow, this relationship is not valid. Scheideger (1973) 
suggested the use of an expression given by the quadratic form of the Forchheimer 
equation (Equation [7.20]), which can be applied to both laminar and turbulent flow:

	 dp
dx k

f k V Vg f= +
η ρ

η
1  (7.20)

in which fg is the particle geometric factor.
The medium permeability is the most important property; it shows the fluid flow 

facility through a porous media. Kozeny (quoted by Ramesh and Moshenin, 1980) 
developed an equation to estimate the permeability (Equation [7.21]). He based it on 
an analogy that the flow through a porous media is similar to a flow through various 
pipes, with a depth equal to the media depth and volume equal to the media void 
volume. Subsequently, Càrman (quoted by Ramesh and Moshenin, 1980) fitted this 
equation to experimental data and observed an average value of β of 5:

	 k
s

p

p p

=
−( )
ε

β ε

3

2 21
 (7.21)

in which β is the Kozeny constant; sp is the particle specific surface; m2 m-3; and εp is 
the external porosity of product mass.

Ergun (1952) related the coefficient fg with porosity (Equation [7.22]), based on 
experiment data. In addition, he suggested a general expression (Equation [7.23]) for 
friction loss on porous media, modifying the Darcy equation for friction loss in pipes:

	 fg
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0 143

3 2
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ε

 (7.22)
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The particle equivalent diameter is used to calculate both friction loss on the 
Darcy Equation (Equation [7.16]) and the Reynolds number (Equation [7.6]). When 
the particle has a regular shape, Equation (7.13) is recommended. If the particles have 
irregular shapes, the equivalent diameter must be calculated using Equation (7.24):
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	 D
S

p

p
=
6ν

 (7.24)

in which vp is the particle volume, m3.
Bakker-Arkema et al. (1969) compared the experimental data of friction loss of a 

cherry mass to the values given by the Ergun equation, observing a constant relation. 
They suggested multiplying the Ergun equation by an empiric coefficient, function 
of the product type. Such difference is probably due to the product roughness, which 
is neglected in the Ergun equation, and the different spatial arrangement, which var-
ies by product. Both assumptions could modify the coefficients c and β. More studies 
about the influence of shape, roughness, and porosity of irregular particles should 
be done in order to develop a general theoretical equation that represents the flow 
through an irregular porous media.

7.3.2.2  Empiric Equations
Many researchers suggested using empiric equations due to the facility for working 
with these equations and the nonexistence of a general equation to describe the flow 
through porous media. Hukill and Ives (1955), examining the experimental data of 
Shedd (1951, 1953), estimated the nonlinearity of it and suggested Equation (7.25) to 
describe the relation between air velocity and the pressure gradient:

	 dp
dx

aV
bV

=
+( )

2

1ln
 (7.25)

in which a and b are the empiric coefficients.
Resistance data observed by various researchers, and the coefficient of the Hukill 

and Ives equation adjusted to these data, was included as ASAE Data D272 in the 
ASAE Standards (2001). These coefficients are shown in Table 7.9.

The resistance data presented in the ASAE Standards are for a cleaning and non-
dense layer of product. However, in reality the friction loss is higher due to the 
layer densification caused by the handling operation and the product’s impurity. 
Therefore, it is common practice to apply a correction factor in order to more accu-
rately predict the pressure drop in a real situation. These factors normally have a 
value between 1.1 and 1.5. Thus, the total friction loss of a grain layer can be calcu-
lated by Equation (7.26):

	 F aC LV
bV

f=
+( )

2

1γ ln  (7.26)

in which Cf is the correction factor.
The Hukill and Ives empiric equation is limited for specific conditions of the 

experiment, and it is not possible to vary the other properties like porosity, shape, 
size, or fluids. Since some of the variation in these properties is important, the use 
of a theoretical equation, like the Ergun equation, is more indicated. An example is 
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TABLE 7.9
Values for Constants in Airflow Resistance Equation

Material a (103 Pa s2 m−3) b (m2 s m−3) Range of V (m3 m−2 s−1)

Alfalfa 64 3.99 0.0056–0.152

Alfalfa cubes 1.27 22.99 0.13–3.15

Alfalfa pellets 18 68.72 0.0053–0.63

Barley 21.4 13.2 0.0056–0.203

Bromes Grass 13.5 8.88 0.0056–0.152

Canola, Tobin 52.2 7.27 0.0243–0.2633

Canola, Westar 45.5 9.72 0.0243–0.2633

Clover, alsike 61.1 2.24 0.0056–0.101

Clover, crimson 53.2 5.12 0.0056–0.203

Clover, red 62.4 3.55 0.0056–0.152

Corn, ear 10.4 325 0.051–0.353

Corn, shelled 20.7 30.4 0.0056–0.304

Corn, shelled low airflow 9.77 8.55 0.00025–0.0203

Fescue 31.5 6.7 0.0056–0.203

Flax 86.3 8.29 0.0056–0.152

Lentils 54.3 36.79 0.0028–0.5926

Lespedeza, Kobe 19.5 6.3 0.0056–0.203

Lespedeza, Sericea 64 3.99 0.0056–0.152

Lupine, blue 10.7 21.1 0.0056–0.152

Milkweed pods 2.11 4.65 0.06–0.4

Oats 24.1 13.9 0.0056–0.203

Peanuts 3.8 111 0.03–0.304

Peppers, Bell 0.544 868 0.03–1

Popcorn, White 21.9 11.8 0.0056–0.203

Popcorn, yellow 17.8 17.6 0.0056–0.203

Potatoes 2.18 824 0.03–0.3

Rescue 8.11 11.7 0.0056–0.203

Rice, rough 25.7 13.2 0.0056–0.152

Rice, long brown 20.5 7.74 0.0055–0.164

Rice, long milled 21.8 8.34 0.0055–0.164

Rice, medium brown 34.9 10.9 0.0055–0.164

Rice, medium milled 29 10.6 0.0055–0.164

Sorghum 21.2 8.06 0.0056–0.203

Soybeans 10.2 16 0,0056–0.304

Sunflower, confectionery 11 18.1 0.055–0.178

Sonflower, oil 24.9 23.7 0.025–0.570

Swett Potatoes 3.4 6.1 108 0.05–0.499

Wheat 27 8.77 0.0056–0.203

Wheat, low airflow 8.41 2.72 0.00025–0.0203

Source: Adapted from ASAE (American Society of Agricultural Engineers). ASAE Standards 2001: 
Standards engineering practices data. St. Joseph, MI: ASAE.
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the case of drying operations, during which the porosity can vary a lot; or a cleaning 
operation, during which water is used as the fluid.

The friction loss due to a perforated floor or wall is very common in agricultural 
operations, such as cleaning operations and aeration. Henderson (1943) developed 
the experimental Equation (7.27) for friction loss due to perforated floors:

	 F Pa s m V
c p

=
−1 071 2 2 2

,
γ ε ε

 (7.27)

in which εc is the ratio of the perforate area to the total area.
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8.1  INTRODUCTION

Acoustics	can	be	defined	as	the	generation,	 transmission,	and	reception	of	energy	
in	the	form	of	vibrational	waves	in	matter.	As	the	atoms	or	molecules	of	a	fluid	or	
sound	are	moved	from	their	normal	configurations,	restorative	elastic	force	arises.	
The	elastic	restoring	force,	coupled	with	the	inertia	of	the	system,	allows	the	mate-
rial	to	participate	in	oscillatory	vibrations	and	consequently	generate	and	transmit	
acoustic	waves.	Acoustics	 cover	 a	wide	 range	of	 scientific	 and	 engineering	disci-
plines	(Recuero	López,	2000).

The	best-known	acoustic	phenomenon	is	related	 to	 the	sensation	of	sound.	For	
young	people,	 a	disturbance	 is	 interpreted	 as	 a	vibrational	 sound	 if	 its	 frequency	
is	in	the	range	of	about	20	to	20,000	Hz,	however,	in	its	broadest	sense,	sound	also	
includes	ultrasonic	frequencies	above	20,000	Hz	and	infrasonic	frequencies,	below	
20	Hz.	The	nature	of	the	vibrations	associated	with	acoustics	are	very	different—
from	those	produced	by	stringed	instruments	to	those	generated	by	an	explosion.

The	study	of	materials	has	developed	dynamic	methods	for	determining	the	elas-
tic	properties	of	samples	homogeneously	 formed	as	an	alternative	 to	compression	
static	methods	or	similar.	The	techniques	for	determining	the	resonant	frequencies	
are	tests	used	to	characterize	the	elastic	properties	of	metals,	ceramics,	alloys,	and	
compounds	 (Lemmens,	 1990).	 For	 homogeneous	 objects	 with	 simple	 geometries	
(cylinders,	 discs,	 spheres,	 rings,	 etc.),	 it	 is	 possible	 to	 establish	 expressions	 relat-
ing	 the	 resonant	 frequencies	 of	 the	 material	 properties	 (elastic	 modulus,	 Poisson	
ratio,	density,	etc.)	and	geometric	properties	(size	and	shape)	(Blevins,	1993).	The	
energy	applied	to	the	structure	is	amplified	to	a	certain	frequency,	it	is	the	resonant	
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frequencies,	the	value	of	each	resonant	frequency	is	dependent	on	the	geometry,	den-
sity,	and	elastic	properties	of	the	sample.	The	translation	of	the	possibilities	of	these	
techniques	to	horticultural	products	must	overcome	some	difficulties	inherent	in	the	
products,	such	as	heterogeneity	in	their	structures	or	irregular	shapes	and	variables.	
In	the	following	paragraphs,	we	review	the	models	described	for	these	products,	the	
devices	used,	and	the	applications	developed.

8.2  APPLICATION OF VIBRATIONS IN THE AUDIBLE RANGE

Dull	(1986)	reviewed	nondestructive	methods	for	assessing	the	quality	of	fruits	and	
vegetables,	and	distinguishes	between	acoustic impulses,	in	which	a	body	hits	the	
sample,	 and	 the	 techniques	 of	 resonance frequency,	 in	 which	 the	 sample	 is	 sub-
jected	to	vibration	frequencies.	Chen	(1996)	also	distinguishes	between	sonic vibra-
tion,	and	the	acoustic	response	to	the	impact	(acoustic response).	This	classification	
serves	as	the	structure	for	studying	works	aimed	at	implementing	sound	properties	
to	food	products.

8.2.1   Determination of textural ProPerties of fruits 
anD Vegetables: Vibrational excitation

Texture	is	a	complex	and	variable	qualitative	parameter	of	great	importance	in	the	
evaluation	of	fruits	and	vegetables	for	fresh	consumption.	Different	factors,	such	as	
water	status,	the	physical	properties	of	cell	walls,	and	tissue	structure,	act	together	to	
determine	the	strength,	firmness,	and	elasticity,	which	are	characteristics	that	make	
up	the	texture.	The	importance	of	this	attribute	has	led	numerous	research	groups	to	
develop	destructive	and	nondestructive	methods	to	objectively	determine	parameters	
for	characterizing	texture.	In	this	context,	the	development	of	techniques	and	devices	
that	analyze	the	vibrational	response	of	horticultural	products	has	been	largely	dedi-
cated	to	the	study	of	texture.

8.2.1.1   Definition and Application of the Coefficient of 
Rigidity and the Acoustic Parameter for Determining 
Textural Characteristics of Fruits and Vegetables

Traditional	and	popular	practices	have	been	used	to	hit	some	horticultural	products,	
such	as	watermelons,	and	attend	to	the	resonance	that	occurs	to	get	an	idea	of	 its	
maturity.	Beginning	in	1968	(Abbott	et	al.,	1968;	Bachman	et	al.	1968),	researchers	
stated	that	this	resonance	property	is	characteristic	of	all	fruits	and	vegetables,	and	is	
a	good	indicator	of	the	internal	conditions	of	texture	of	these	products.	These	authors	
used	two	techniques	to	measure	the	textural	characteristics	of	fruit	using	acoustic	
energy,	which	considered	several	basic	principles:

•	 The	resonant	frequency	depends	on	the	size,	shape,	and	texture	of	the	prod-
uct:	large	products	and	soft	textures	have	lower	resonant	frequencies.

•	 The	response	can	be	analyzed	in	terms	of	configuration	and	elastic	proper-
ties	of	the	resonating	body:	A	steel	sphere	6	cm	in	diameter	rings	to	about	
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45,000	Hz,	while	a	spherical	fruit	of	the	same	size	makes	it	around	420	Hz;	
it	is	often	easily	detected	by	the	human	ear.

•	 The	consideration	of	damping	is	also	important:	Fast	damping	is	charac-
teristic	of	high	internal	friction	materials	that	absorb	vibrational	energy.	In	
fruits	and	vegetables,	 this	damping	of	vibration	is	very	fast.	The	internal	
friction	of	a	material	is	measured	by	the	damping	ratio:	η.

The	elastic	modulus	of	a	simple	configuration	object	with	uniform	texture	can	be	
determined	by	 the	 resonance	 frequency	and	 the	damping	 ratio.	Young’s	modulus,	
E,	can	be	expressed	in	terms	of	the	flexural	resonant	frequency	(see	the	following	
explanation	of	flexural	vibration)	of	a	bar	of	known	length,	diameter,	and	density.	
The	complex modulus	E*,	is	expressed	in	relation	to	E.	The	complex	modulus	is	an	
important	factor	in	the	evaluation	of	texture.	The	Equation	(8.1)	is	the	expression	of	
the	complex	modulus	as	a	function	of	Young ś	modulus	and	the	damping	ratio.

	 E*	=	E(1	–	iη)	 (8.1)

The	firmness	of	the	fruit	is	indicative	of	the	consistency	of	the	material.	There	
are	different	methods	to	measure	fruit	firmness,	although	the	most	universal	is	the	
Magness-Taylor	test.	Abbott	(1968)	stated	that	the	total	resistance	against	the	pene-
tration	material	is	composed	of	two	factors:	resistance	to	compression	and	resistance	
to	shear,	which	leads	to	great	variability.	We	propose	an	alternative	method	based	
on	the	vibrational	properties	of	products	to	characterize	texture.	Two	experimental	
procedures	are	discussed:

	 1.	Study of the behavior of a whole apple subjected to vibration:	An	acoustic	
spectrometer	causes	a	metal	rod	to	vibrate	at	defined	frequencies	ranging	
across	the	spectrum.	One	end	of	the	rod	rests	on	the	apple,	and	the	apple	
is	suspended	from	a	wire	to	allow	it	to	vibrate	freely.	The	vibration	of	the	
apple	is	picked	up	with	another	very	light	rod,	one	end	resting	on	the	upper	
region	of	the	fruit	on	the	opposite	side	of	the	excitation.	Another	contact	is	
made	with	a	piezoelectric	material	that	transduces	the	mechanical	signal	to	
an	electrical	signal,	which	is	represented	as	amplitude.	A	representation	of	
the	frequency	versus	amplitude	is	thus	obtained.	When	the	apple	is	in	reso-
nance	with	the	frequency	of	waves	generated,	the	spectrometer	produces	a	
maximum	amplitude	reading.	The	position,	shape,	and	relative	amplitude	
of	these	peaks	are	characteristic	of	each	apple	studied.

	 2.	Study of the textural characteristics of a cylinder of apple pulp through its 
acoustic behavior:	The	device	described	above	was	applied	to	a	cylinder	of	
apple	of	known	dimensions.	The	Young’s	modulus	and	the	damping	ratio	
were	calculated	based	on	the	resonant	frequencies	obtained	in	the	cylinders	
studied.	Estimates	of	E	and	the	damping	coefficient	were	performed:	f	is	the	
resonant	frequency,	L the	length	of	the	cylinder,	d	diameter,	ρ	density,	and	
the	frequency	difference	corresponds	 to	 the	width	of	 the	resonance	peak	
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taken	at	half	of	 its	maximum	amplitude.	Equation	(8.2)	and	(8.3)	are	 the	
expressions	for	calculating	Young’s	modulus	and	the	damping	coefficient,	
respectively,	according	to	Abbott	et	al.	(1968).

	 E	=	50.9	f2L4d2	ρ	 (8.2)

	 η= −( )f f f2 1 3/ 	 (8.3)

The	spectrum	obtained	between	20	and	2400	Hz	was	studied	in	the	whole	apple.	
Four	resonance	peaks	were	observed	in	the	spectrum.	The	first	one	corresponds	to	
a	type	of	longitudinal	vibration.	The	second	resonance	peak,	attributed	to	a	flexural	
vibration,	was	related	to	fruit	firmness,	although	it	was	also	affected	by	the	mass	of	
the	apple.	The	extreme	values	were	found	at	1,488	Hz	in	a	small	apple	(40.6 g)	and	
firm,	and	at	370	Hz	for	a	large	apple	(162.2	g)	and	unstable.	The	frequency	of	this	
peak	was	less	affected	by	the	change	in	the	position	of	the	rods’	excitatory	and	sig-
nal	pickup.	It	was	noted	that	certain	defects	in	the	flesh	of	the	apple	(bruises,	brown	
heart,	etc.)	affected	the	resonance	frequency.

They	proposed	the	determination	of	the	coefficient	of	rigidity	of	the	entire	apple	
using	Equation	(8.4),	where	 fn=2 is	 the	resonant	frequency	of	 the	second	peak	and	
mass	m.	Decreases	 in	 this	 ratio	 in	 samples	 subjected	 to	 longer	periods	of	 storage	
were	confirmed.

	 f mn= ⋅2
2 	 (8.4)

Finney	(1970)	also	studied	the	mechanical	resonance	of	Red	Delicious	apples	in	
relation	to	the	texture	of	the	fruit.	The	device	used	consisted	of	an	electromagnetic	
vibrator	 that	 excited	 the	 sample	 by	 generating	 a	 vibration	 between	 5	 and	 10,000	
Hz.	The	vibration	 amplitude	of	 the	 fruit	was	measured	with	 a	miniature	 acceler-
ometer	attached	to	the	fruit	surface,	and	was	stored	as	a	function	of	frequency.	The	
frequency	spectrum	showed	several	resonant	peaks	in	the	audible	range.	The	sec-
ond	resonant	frequency	was	used	to	calculate	the	stiffness	coefficient	as	defined	by	
Abbott	(1968)	(Equation	[8.4]).	Studying	changes	in	the	coefficient	of	rigidity	and	
modulus	of	elasticity	of	 the	pulp	over	a	storage	period	of	6	months	showed	a	sig-
nificant	correlation	between	them	(r	greater	than	0.8).	Shackelford	and	Clark	(1970)	
were	the	first	to	apply	the	technique	of	resonance	to	peaches.	Finney	(1971)	found,	in	
their	experiments	with	peaches,	that	the	resonant	frequency	of	fruit	decreased	as	the	
fruit	matured.	The	coefficient	of	rigidity,	called	the	“maturity	index”	by	this	author,	
as	Equation	(8.4),	with	 the	second	resonant	frequency	 f,	obtained	values	of	343	×	
106	Hz2g	in	more	immature	peaches,	up	to	39	×	106	Hz2g	for	the	more	mature	fruit.

Cooke	(Cooke	and	Rand,	1973;	Cooke,	1972)	addressed	the	definition	of	the	coef-
ficient	 of	 rigidity	 from	 theoretical	 considerations	 of	 the	 problem,	 modeling	 fruit	
and	vegetables	as	elastic	spheres	consisting	of	three	concentric	layers	with	different	
mechanical	 characteristics	 and	 relating	 the	 frequencies’	 resonant	vibration	modes	
corresponding	to	the	internal	mechanical	properties	of	intact	samples.
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The	work	of	Cooke	adopts	the	nomenclature	used	in	geophysical	surveys	to	define	
and	name	the	modes	of	vibration.	Thus,	the	vibration	modes	that	can	occur	in	an	area	
are	classified	into	two	types:	spheroidal	modes	of	vibration	and	torsional	vibration	
modes.	 In	spheroidal	modes,	 the	volume	of	 the	body	subjected	 to	vibration	 is	not	
constant	and	 the	displacement	vector	must	be	defined	by	 three	 independent	com-
ponents;	 this	 type	 is	 identified	 with	 the	 letter	 S.	 The	 torsional	 vibration	 does	 not	
produce	change	in	the	volume	of	the	body	and	there	is	no	radial	component	of	the	
displacement	vector;	this	is	identified	by	the	letter	T.	Specific	modes	are	identified	
with	superscripts	and	subscripts:	iTn

m,	n	and	m	characterize	the	deformation	of	sur-
faces,	and	i refers	to	the	order	of	frequency	for	the	modes.	In	spheroidal	vibrations,	
n	=	0	corresponds	 to	purely	radial	vibration	mode,	 the	so-called	breathing,	n	=	2	
occurs	at	frequencies	lower	than	n	=	0	and	is	characterized	by	an	oscillation	of	the	
field	between	the	forms	of	an	oblate	spheroid	and	a	spheroid	elongated	at	the	poles	
(oblate-prolate).

Abbott’s	frequencies	f1	and	f2	were	identified	as	modes	of	spheroidal	and	torsional	
vibration,	respectively:	0S2

2 and	0T2
2.	So,	what	Abbott	called	longitudinal	vibration	

modes	are	interpreted	by	Cooke	and	Rand	as	spheroidal	vibrations,	and	the	flexural	
modes	are	identified	as	torsional.

The	spheroidal	vibration	mode	of	 the	 lowest	 frequency	 is	characterized	by	 the	
movement	of	expansion	and	contraction	of	a	diameter,	or	simultaneous	movement	of	
contraction	and	expansion	of	the	perpendicular	diameter.

Torsional	vibration	of	the	lowest	frequency	is	characterized	by	no	change	in	vol-
ume	occurring	during	 the	oscillation;	 the	 radial	 component	 of	 displacement	 is	 0.	
If	 16	 meridians	 are	 established	 in	 the	 sphere	 spaced	 at	 22.5	 degrees,	 for	 a	 given	
meridian,	the	points	at	the	same	distance	from	the	sphere’s	equator	to	the	north	and	
south	have	the	same	magnitude	as	to	the	east	and	west,	but	in	the	opposite	direction,	
while	the	north–south	component	remains	the	same	in	magnitude	and	direction.	At	
the	sphere’s	equator,	there	are	4	nodal	points	(that	is,	points	with	displacement	of	0	
during	the	oscillation).

According	to	Abbott,	the	use	of	resonance	to	infer	the	elastic	properties	of	horti-
cultural	products	requires	special	attention	to	the	following	factors:	the	mode	of	the	
excitation	of	the	resonance,	the	identification	of	mode	of	resonance	frequency,	and	
the	influence	of	the	sample	holder.	Depending	on	the	mode	of	vibration	of	interest	it	
is	more	convenient	a	configuration	of	these	factors	or	another.

Thus,	based	on	the	description	of	the	vibration	modes,	it	appears	that	the	device	
used	 by	 Abbott	 in	 their	 experiments,	 favors	 the	 excitation	 of	 the	 torsional	 mode,	
where	the	receiver	and	its	location	(at	the	top	of	the	apple)	is	sensitive	to	the	north–
south	movement,	although	the	larger	north–south	movement	at	the	equator	occurs	
at	the	point	opposite	the	driver.	The	Finney	device,	with	its	radial	movement,	favors	
spheroidal	excitation	of	the	sample.	Similarly,	the	Abbott	device	(apple	suspended	
from	the	stalk)	is	the	optimum	positioning	for	torsional	vibration,	which	is	defined	
at	the	pole	at	a	nodal	point.

According	to	the	elastic	sphere	model	composed	of	three	concentric	layers,	the	
shear	modulus	of	layer	2	(G2)	(renumbered	starting	from	the	inside),	comparable	to	
the	pulp,	can	be	expressed	as	Equation	(8.5),	where	ρ2 is	the	density	of	layer	2	and	
CR	is	a	dimensionless	conversion	factor	that	depends	explicitly	on	the	relationship	
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between	 the	 radii	and	 the	densities	of	different	 layers,	and	 implicitly	 includes	 the	
relationship	between	the	shear	modules.

	 G f m CR2
2 2 3

2
1 3= / / .ρ 	 (8.5)

Thus,	one	can	nondestructively	calculate	the	shear	modulus	of	the	pulp	of	apples	
from	 the	 vibration	 frequency	 torsional	 mode,	 but	 assuming	 that	 the	 relationships	
among	the	radius,	density,	and	shear	modulus	does	not	vary	much	from	one	apple	
to	another.

If	we	consider	Abbott’s	(1968)	definition	of	the	coefficient	of	rigidity,	we	can	estab-
lish	Equation	 (8.6),	which	 shows	 the	 relationship	between	 the	 stiffness	 coefficient	
defined	by	Abbott	(1968)	and	the	expression	of	the	shear	modulus	of	Cooke	(1972).

	 f m G m CR2
2

1 3
2
1 3= ( ) / ./ /ρ 	 (8.6)

It	can	then	be	observed	that	Abbott’s	coefficient	of	rigidity	is	dependent	on	mass.	
If	we	apply	the	assumptions	already	identified,	and	assume	a	variation	of	the	mass	
of	apples	that	is	small	enough,	we	can	relate	the	stiffness	coefficient	and	the	elastic	
properties	of	 the	 fruit.	Assuming	 that	 the	overall	density	of	 the	 fruit	 is	about	 the	
same	as	that	of	the	pulp,	the	mass	can	be	approximated	to	the	mean	radius,	so	you	
could	say	that	although	the	stiffness	coefficient	depends	on	the	size	of	the	fruit,	if	
this	variation	is	small,	you	can	get	a	high	correlation	between	shear	modulus	and	
the	coefficient	of	rigidity.	Similarly,	taking	into	account	the	relationship	between	G	
(shear	modulus)	and	E	(Young’s	modulus)	it	can	be	said	that	if	variations	in	Poisson’s	
ratio	are	small	enough,	there	will	be	a	high	correlation	between	E	and	the	coefficient	
of	rigidity.

Applying	 the	 theoretical	 model	 for	 calculating	 the	 resonant	 frequencies	 of	 the	
modes	of	 spheroidal	 and	 torsional	vibration,	 a	 sensitivity	 study	was	conducted	 to	
define	the	variation	produced	in	the	resonant	frequencies	of	each	mode	depending	
on	the	change	in	the	relationships	of	radius,	densities,	and	shear	modulus.	Spheroidal	
frequencies	show	higher	sensitivity	to	these	variations.

In	apples,	it	was	found	experimentally	that	the	expression	f2.m2/3	reduced	the	error	
in	the	prediction	of	E,	compared	to	the	expression	f2.m	prediction:	in	24	of	the	38	
groups	chosen	for	the	study,	the	mean	square	error	was	lower	in	the	first	regression.

Yong	 and	 Bilanski	 (1979)	 subjected	 spherically	 shaped	 fruit	 to	 vibrations;	 the	
output	signal	was	acquired	by	an	accelerometer	attached	to	different	points	of	the	
sample	and	the	system	itself.	The	sample	was	then	placed	on	a	vibrating	plate.	The	
accelerometer	mounting	points	were	the	vibrating	plate,	the	upper	end	of	the	sample,	
and	a	point	on	the	equator.	A	comparison	of	the	output	signals	corresponding	to	dif-
ferent	positions	of	the	accelerometer	was	performed.	In	the	signal	of	the	vibrating	
table,	a	resonant	peak	was	observed	between	100	and	200	Hz;	for	higher	frequen-
cies	a	decrease	of	amplitude	below	the	signal	amplitude	levels	of	other	signals	was	
observed.	In	the	curve	from	the	upper	part	of	the	sample,	there	was	another	peak	in	
the	vicinity	of	those	frequencies	and	a	second,	pronounced	peak	near	900	Hz.	The	
signal	from	the	equator,	the	peak	of	the	first	resonant	frequency,	was	significantly	
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lower	than	the	same	in	the	other	two	signals,	producing	the	second	resonant	peak	of	
the	same	intensity	as	on	the	polar	curve	of	the	fruit.

In	addition	to	the	direct	reading	of	the	signal,	a	ratio	signal	is	proposed	that	takes	
into	account	the	input	signal.	Thus,	the	ratio	of	the	output	when	the	accelerometer	is	
at	the	top	of	the	sample	and	the	entrance,	shows	two	resonant	frequencies,	the	first	
at	110	Hz	and	the	second	at	900	Hz,	but	the	same	ratio	when	the	accelerometer	is	in	
the	equatorial	zone	shows	only	a	clear	resonant	peak	at	900	Hz.	Waves	correspond-
ing	to	the	resonant	peaks	of	the	signals	from	the	equator	of	the	sample	and	the	top	of	
the	samples	were	180°	out	of	phase.	The	fact	that	the	accelerometer	only	measured	
in	the	perpendicular	direction	allowed	the	vibration	of	the	resonant	peak	of	900	Hz	
to	be	defined	as	a	spheroidal	mode	oblate-prolate.	As	explained,	the	first	resonant	
frequency	is	that	for	a	vibrating	system	with	one	degree	of	freedom,	with	the	skin	
contact	plate	and	the	pulp	adjacent	to	the	spring	and	damping	system,	and	the	rest	
of	the	fruit	mass	of	the	system.	Thus,	the	first	resonant	frequency	not	is	a	spheroidal	
or	torsional	mode,	but	could	be	represented	by	the	Kelvin	model	of	one	degree	of	
freedom,	as	shown	in	Equation	(8.7).	The	authors	question	the	assertions	of	other	
studies	(Cooke,	1972),	which	identified	the	first	two	resonant	frequencies,	the	first	of	
which	was	associated	with	a	spheroidal	vibration	in	apples	and	a	torsional	vibration	
in	peaches.

	 mx˝	+	bx´	+	Kx	=	by´	+	ky	 (8.7)

Clark	and	Shackelford	(1973)	studied	(in	peaches)	 the	relationship	between	the	
expression	 f2.m2/3	(stiffness	index,	according	to	the	authors),	where	 f	 is	 the	second	
resonant	frequency	of	the	spectrum,	with	the	value	of	force	in	the	flesh	penetration	
Magness-Taylor	test.	Their	paper	does	not	refer	to	the	mode	of	vibration	that	corre-
sponds	to	the	resonance	frequency	used.	The	different	regressions	established	for	7	
different	varieties	gave	a	correlation	coefficient	(R)	of	between	0.52	and	0.78.

In	an	attempt	to	better	understand	the	relationship	between	the	vibrational	behav-
ior	and	the	elastic	properties	of	the	products,	the	dynamic	modulus	is	considered.	The	
determination	of	dynamic	modulus	requires	a	destructive	test	in	which	a	cylinder	of	
the	sample	is	placed	on	a	force	transducer	 that	 is	mounted	on	a	vibrating	system.	
The	whole	system	can	be	 likened	 to	a	mass-spring-damper	and	Young’s	modulus	
can	be	calculated	from	the	 transfer	 function.	Van	Woensel	and	De	Baerdemaeker	
(1985)	determined	Young’s	modulus,	a	stiffness	index	defined	as	f2m2/3,	and	Young’s	
modulus	in	a	quasi-static	uniaxial	compression	test.

The	stiffness	 index	was	obtained	using	a	vibrating	device	 for	excitation	of	 the	
whole	apple	and	an	accelerometer	placed	on	the	surface	of	 the	fruit;	 f reflects	the	
second	resonant	frequency,	which	is	identified	as	a	spheroidal-type	vibration,	which	
contradicts	Abbott	et	al.	 (1968)	and	Cooke	(1972).	The	first	 resonant	frequency	is	
ruled	out	because	it	is	the	frequency	corresponding	to	rigid	body	motion.	Uniaxial	
compression	tests	were	performed	on	cylinders	of	apple	pulp,	and	the	center	of	the	
curve	force	versus	deformation	is	considered	to	calculate	Young’s	modulus.	The	three	
tests	were	applied	to	apples	with	different	levels	of	consumer	acceptability	(sensory	
evaluation	that	considered	various	aspects	such	as	manual	pressure,	mouthfeel	and	
taste),	at	different	times	in	its	maturity,	and	during	storage	(150	days	of	storage).	Both	
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the	stiffness	index	and	the	break	point	in	the	compression	test	declined	throughout	
the	storage	period.	A	further	decline	was	observed	in	the	first	parameter	until	apples	
reached	the	climacteric	stage,	then	the	trend	became	smoother.	In	regard	to	the	rela-
tionship	of	the	parameters	measured	by	consumer	acceptability,	a	better	relationship	
is	observed	between	the	dynamic	parameters	(coefficient	of	strength	and	modulus	
of	elasticity)	and	acceptability,	than	between	acceptability	and	the	parameters	of	the	
static	test.

Chen	and	De	Baerdemaeker	(1990)	tried	to	relate	the	changes	of	firmness	in	toma-
toes	produced	throughout	the	ripening	process	with	the	second	resonant	frequency	
spectrum.	The	excitement	of	the	samples	was	done	using	a	vibrator	that	transmitted	
a	pseudo-random	noise	signal	with	a	bandwidth	of	800	Hz.	The	vibration	of	the	fruit	
was	determined	with	an	accelerometer.	The	stiffness	 index,	defined	as	 f2m2/3,	was	
best	correlated	with	the	color	(measured	with	color	charts)	and	the	Young’s	modulus,	
determined	by	analyzing	quasi-static	compression.	The	coefficient	f2m2/3	decreases	
as	the	red	color	of	tomatoes	is	accentuated	and	decreases	E.	Indexes	fm2/3 and	fm2,	
showed	 worse	 correlations	 with	 the	 ripeness	 of	 tomatoes,	 especially	 the	 latter.	
Similarly,	the	damping	coefficient	of	the	signal	was	not	well	correlated	with	color	or	
the	Young’s	modulus	of	the	samples.	The	internal	structure	of	the	tomato	can	cause	
different	vibration	signals	when	measured	at	one	point	or	another.	In	conclusion,	the	
expression	f2m2/3,	used	so	far	in	apples	and	peaches,	is	valid	also	for	tomatoes.

Abbott	and	Liljedahl	(1994)	dealt	with	an	investigation	of	three	varieties	of	apples	
with	the	aim	of	relating	the	sonic	signal	of	apples	with	individual	compression	tests	
of	probes	and	the	classic	Magness-Taylor	test.	The	testing	device	consisted	of	a	clay	
holder	attached	to	an	electromagnetic	vibrator.	An	accelerometer	is	held	in	a	light	
arm	 to	get	vertical	 and	opposite	 to	 the	vibrator.	The	 sample	was	placed	horizon-
tally	on	the	support	and	the	accelerometer	lay	at	the	equator	of	the	sample.	A	pulse	
(sin	 t)/t	 (where	 t	 is	 time)	containing	all	 frequencies	up	 to	2000	Hz	with	 the	same	
energy	density	at	 each	 frequency	generated	 the	movement	of	 the	vibrator.	 In	 this	
case,	the	authors	extracted	the	frequencies	of	the	second	and	third	resonant	peak	( f2	
and	 f3)	 from	the	spectrum	without	specifying	 the	corresponding	vibration	modes,	
their	respective	amplitudes	(a2	and	a3),	and	the	index	defined	as	and	 f2m2	y	 f2m2/3	

with	f	=	f2	and	f3.	In	addition,	in	conjunction	with	researchers	who	had	identified	the	
first	peak	resonant	with	rigid	body	motion,	the	search	for	f2 and	f3 are	scheduled	to	
obviate	the	spectrum	located	below	500	Hz	to	avoid	choosing	the	first	resonant	fre-
quency	f1.	The	compression	tests	allowed	determination	of	the	force/deflection	curve	
(F/D)	and	identification	of	the	following	parameters:	maximum	force,	area	under	the	
curve,	and	slope	of	the	curve.	The	Magness-Taylor	test	was	done	with	a	rod	11	mm	
in	diameter	in	two	points	of	the	apple’s	equator,	which	was	considered	the	average	of	
the	maximum	force	obtained	in	each	penetration.

Both	the	resonant	frequencies	and	indexes,	as	the	parameters	of	the	F/D	curve	
and	 Magness-Taylor	 force	 decreased	 over	 the	 storage	 months	 for	 the	 three	 apple	
varieties	studied.	However,	it	is	clear	that	as	the	varieties	have	shapes	that	differ	from	
the	spherical	shape,	the	correlations	between	nondestructive	sonic	parameters	and	
parameters	of	the	F/D	curve	decrease	dramatically.

In	all	three	varieties,	the	resonant	frequencies	are	related	more	to	the	slope	of	the	
F/D	curve	than	to	the	forces,	which	is	consistent	with	the	theory	that	the	resonant	
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frequency	is	proportional	to	the	modulus	of	elasticity,	not	strength.	Also,	according	
to	theory,	the	resonant	frequency	of	a	body	is	proportional	to	its	size,	density,	and	
Poisson’s	ratio.	In	this	study,	these	parameters	were	not	measured,	but	an	approach	
was	 performed	 using	 the	 mass	 and	 calculating	 the	 two	 accepted	 indexes,	 which	
include	the	resonant	frequencies	and	the	masses.	However,	although	indexes	were	
better	predictors	of	the	slope	of	the	F/D curve,	the	correlations	were	only	slightly	
higher	than	the	correlations	between	the	slope	and	resonant	frequencies.

A	replica	of	the	work	of	Abbott	and	Lilje-dahl	was	carried	out	by	Abbott	et	al.	
(1995),	 this	 time	 employing	 a	 type	 of	 Golden	 Delicious	 apple,	 Golden	 Delicious	
Stark,	and	two	types	of	Delicious,	Red,	and	Triple	Ace.	Again	stored	for	4	months	
the	acoustic	parameters	were	good	predictors	of	destructive	firmness	variables	 in	
Golden	Delicious	apples	(r	>	0.8),	but	not	in	Red	Delicious.

8.2.1.2   The Importance of Media and Means of Contact 
between Vibrating Structures and Samples

Affeldt	and	Abbott	(1989)	studied	the	importance	of	supports	and	materials	of	con-
tact	between	vibrating	structures	and	samples.	Structures	and	transmission	spectra	
with	a	low	flat	attenuation	in	the	region	of	interest	are	needed.	The	effect	of	different	
supports	and	materials	was	studied.	These	elements	were	implemented	in	the	struc-
ture	of	vibration	of	an	electromagnetic	vibrator	collecting	the	response	of	apples	of	
different	maturity	stages.	Although	the	best	response	was	obtained	with	a	base	of	
clay,	different	granular	media	(sand	and	powdered	sugar)	gave	good	results,	reducing	
attenuation	and	variations	in	the	resonant	frequencies	because	the	medium	was	thin-
ner.	The	response	of	samples	was	collected	with	a	miniature	accelerometer	placed	at	
the	equator	at	the	point	diametrically	opposite	to	the	excitement.

Each	apple	was	tested	acoustically	8	times	by	turning	45	degrees	each	time.	They	
observed	the	appearance	of	distortions	in	the	transmission	of	the	signal	when	the	sig-
nal	is	applied	at	locations	with	surface	defects.	The	same	effects	could	be	due	to	minor	
bruises,	but	when	bruising	affected	a	significant	volume	of	fruit,	observed	modal	dis-
tortions	were	observed	in	almost	all	measurement	points	around	the	equator.

In	addition	to	considering	the	correlations	between	the	first	two	resonant	frequen-
cies,	which	were	then	considered	as	longitudinal	and	torsional	modes,	respectively,	
and	the	stiffness	coefficients	calculated	with	each	of	them	(f2m)	and	the	Magness-
Taylor	penetration	test,	prediction	models	were	established	that	included	one	or	two	
fixed	frequencies,	amplitudes	at	fixed	frequencies,	or	the	ratio	of	fixed	frequencies.	
Using	these	parameters,	the	sweep	of	the	response	signal	looking	resonant	peaks	was	
avoided.	The	maximum	value	of	r	in	these	regressions	exceeded	0.6	in	the	model	of	
two	fixed	frequencies	(860	and	165	Hz),	improving	the	correlation	between	the	first	
torsional	frequency	and	the	Magness-Taylor	test	parameter.

8.2.1.3   Speed of Propagation of Acoustic Perturbation as a Parameter for 
Determining the Textural Characteristics of Fruits and Vegetables

Garrett	and	Furry	(1972)	considered	the	fact	that	the	propagation	of	sound	waves	in	a	
material	depends	on	its	modulus	of	elasticity,	density,	and	coefficient	of	Poisson.	The	
aim	of	this	research	was	to	use	the	propagation	of	mechanical	disturbances	in	entire	
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apples	as	a	nondestructive	method	of	determining	the	mechanical	properties	of	the	
fruit	flesh.	The	speed	of	wave	propagation	in	whole	apples,	apple	quarters,	and	core	
samples	were	measured.

By	exciting	whole	apples,	apple	quarters	(without	the	central	region),	and	cylin-
ders	of	pulp,	 the	apparent	speed	of	propagation	(vWF),	 the	speed	of	propagation	of	
waves	of	expansion	(Vd),	and	the	speed	of	propagation	in	a	bar	(Vb)	were	determined.	
For	determining	VWF	and	Vd	,	a	piezoelectric	rod	contacting	the	surface	of	the	sample	
recorded	the	signal	on	the	face	opposite	to	the	excitation	zone	and	transmitted	it	to	
an	oscilloscope;	for	determination	of	Vb,	two	detectors	were	placed	on	the	sample	
cylinder	and	spaced	a	certain	distance,	and	the	time	a	signal	peak	took	to	pass	from	
one	detector	to	another	was	measured.	Theoretically	Vb, Vd, and	their	relationship	are	
defined	in	Equation	(8.8),	where	υ	is	the	Poisson	ratio.
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The	 elastic	 modulus,	 E,	 was	 calculated	 using	 Equation	 (8.8)	 from	 Vb,	 and	 the	
results	 were	 consistent	 with	 those	 of	 other	 studies.	 However,	 the	 estimation	 of	 E	
from	vWF	was	13.6%	of	the	average	value	of	E.	According	to	the	authors,	in	general,	
the	determination	of	velocity	in	the	whole	apple	cannot	define	the	specific	values	of	
the	elastic	properties	of	the	flesh	of	the	apple.	However,	under	conditions	in	which	
Poisson’s	 ratio	 remains	 constant,	 changes	 in	E	 can	be	detected,	 and	 if	E	 remains	
constant,	changes	in	υ	can	be	detected.

8.2.1.4   Other Vibration Sensor Systems on the Surface of a Body Subjected 
to a Vibrational Excitation: Phase Shift of the Signal as a Parameter 
Related to the Textural Characteristics of Fruits and Vegetables

Muramatsu	et	al.	(1999)	used	a	laser	Doppler	vibrometer	to	capture	the	vibrations	
that	occur	on	the	surface	of	a	fruit	subjected	to	vibrational	excitation;	the	frequency	
of	the	laser	wave	reflected	from	the	surface	varies	depending	on	the	speed	of	vibra-
tion.	The	method	allows	measurement	without	the	need	for	contact	between	the	sam-
ple	and	the	sensing	elements.	Kiwis,	pears,	and	peaches	were	measured	to	determine	
their	state	of	maturity,	and	citrus	to	detect	units	affected	by	cold	damage	(collapse	of	
the	vesicles).	The	samples	were	placed	in	a	holder	through	which	were	transmitted	
an	excitation	consisting	of	sine	wave	frequencies	from	5	to	2000	Hz.	The	vibrometer	
measured	the	vibration	transmitted	to	the	upper	surface	of	the	fruit.	The	parameter	
used	to	determine	the	textural	characteristics,	or	quality	of	the	fruit,	was	the	change	
in	 phase	 between	 the	 vibration	 signals	 of	 input	 and	 output.	 This	 is	 given	 by	 the	
frequency	response	function,	defined	as	the	ratio	of	Fourier	transforms	of	input	and	
output	signals	multiplied	by	the	complex	conjugation	of	the	input	signal.

The	changes	in	phase	at	the	frequencies	800,	1200,	and	1600	Hz	showed	good	
correlation	with	the	destructive	measures	of	firmness	(r	<	0.8),	and	appeared	as	good	
predictors	of	disorders	caused	by	cold	in	citrus.

The	method	 is	presented	as	an	alternative	 to	 the	use	of	 accelerometers	 (which	
require	contact	between	the	sample	and	the	sensing	element)	with	respect	to	which	
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is	more	sensitive	to	vibration.	A	disadvantage	of	laser	technology	is	the	duration	of	
the	measure.	In	Muramatsu	et	al.,	the	duration	is	3	minutes	to	make	a	sweep	from	
5	to	2000	Hz;	it	can	be	assumed	that	limiting	the	number	of	excitation	frequencies	
implies	a	decrease	of	measurement	time	to	45	ms	if	reduced	to	a	single	frequency.

A	 noncontact	 laser	 vibrometer	 Doppler	 effect	 was	 also	 applied	 for	 the	 predic-
tion	 of	 storage	 time	 and	 consequently	 of	 postharvest	 maturity	 and	 size	 of	 plums	
(Bengtsson	et	al.,	2003).	The	excitation	was	performed	with	pulses	of	frequencies	
from	0	to	1600	Hz,	which	required	a	measurement	time	of	approximately	10	seconds.	
Frequencies	with	the	highest	regression	coefficients	were	in	the	41–151	Hz	range	in	
relation	to	postharvest	parameters	(storage	time),	and	7–70	Hz	for	the	parameters	of	
size	(weight	and	diameter).

More	 recently,	 Taniwaky	 optimized	 the	 nondestructive	 vibrational	 method	 by	
employing	 a	 laser	 Doppler	 vibrometer	 to	 define	 and	 calculate	 an	 index	 involving	
resonant	frequencies	and	mass	in	order	to	determine	the	optimum	eating	ripeness	of	
pears	and	melons	and	the	postharvest	quality	evaluation	of	persimmons	(Taniwaki	
et	al.,	2009a,	2009b,	2009c)	and	other	products.

8.2.2   Determination of textural ProPerties of fruits anD 
Vegetables: the imPact acoustic resPonse

8.2.2.1   Development of Theoretical Models and Expressions of the 
Elastic Properties of Horticultural Products: Applications

Armstrong	et	al.	(1990)	propose	an	elastic	sphere	model	to	predict	the	firmness	of	
apples.	According	to	the	spherical	resonator	theory,	based	on	the	expression	of	the	
displacement	for	small	Navier	movements	(Equation	[8.9])	expressed	the	modulus	of	
rigidity	(G)	and	the	modulus	of	elasticity	(E)	of	an	elastic	sphere	in	terms	of	density,	
Poisson’s	ratio,	frequency,	and	mass	(Equations	[8.10]	and	[8.11]).
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Ω,	corresponds	to	a	frequency	standard	that	is	defined	by	Equation	(8.12),	where	Ct 
is	the	transverse	phase	velocity,	ω	is	the	frequency	in	rad/s,	and	a	is	the	radius	of	the	
sphere	(Armstrong	et	al.,	1990).

	 =
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	 (8.12)
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As	cited	in	the	work	from	Armstrong	et	al.	(1990),	Auld	(1973)	gives	the	vibration	
modes	and	their	normalized	frequencies	that	solve	this	scalar	equation	and	the	corre-
sponding	vectorial	equation.	The	vibrational	modes	of	lower	orders	and	the	classifica-
tion	of	them	are	listed	here:

•	 Pure compressional modes:	S0n	 (n	 ≤	 1);	S01	 is	 the	 so-called	breathing	 in	
which	all	particles	move	in	the	same	radial.

•	 Pure shear mode:	Tnm,	T20	can	be	described	as	two	connected	hemispheres	
rotating	in	opposite	directions,	and	the	movement	of	particles	located	at	the	
same	distance	from	equator	but	in	different	hemispheres	are	equal;	T11	rep-
resents	surface	of	two	concentric	spheres	rotating	in	opposite	directions.

•	 The	 mode	 S20	 is	 a	 mixed	 mode	 of	 vibration	 in	 which	 a	 diameter	 of	 the	
sphere	expands	while	the	perpendicular	diameter	is	compressed.

In	the	experimental	works	(Armstrong	et	al.,	1990)	apples	with	different	storage	
periods	 and	 treatments	were	used.	The	characterization	of	 the	 textural	properties	
of	fruits	is	done	by	the	Magness-Taylor	penetration	test,	including	determination	of	
modulus	of	elasticity	(cylindrical	and	cubic	samples	of	fruit)	and	the	determination	
of	density.	The	excitement	of	the	apple	was	achieved	by	hitting	it	with	a	ball	of	wax	
of	20	mm	in	diameter	attached	to	a	steel	rod.	The	acoustic	emission	was	collected	
with	a	microphone	(2048	points	acquired	to	a	sampling	frequency	of	25	kHz),	send-
ing	the	signal	to	a	digital	oscilloscope.	By	applying	the	fast	Fourier	transform	(FFT)	
function,	 the	 frequency	 spectrum	 was	obtained	 to	 extract	 the	natural	 frequencies	
(resolution	of	FFT	for	the	range	from	0	to	12.5	kHz.	12.2	Hz).	Spectra	with	a	single	
clear	resonant	frequency	between	891	and	1013	Hz	were	obtained.

The	 regressions	 between	 the	 predicted	 elastic	 modulus	 according	 to	 Equation	
(8.11),	and	the	elastic	modulus	measured	at	a	cubical	specimen	that	was	included	in	
the	core	of	the	apple,	were	relevant:	r2	between	0.7	and	0.8.	Value	of	Ω2	used	in	the	
expression	of	E	was	4.9.	Using	an	average	density	(a	constant)	rather	than	the	density	
measured	in	each	apple	gave	similar	results,	and	did	not	worsen	the	results.	Although	
this	research	did	not	determine	the	type	of	vibration	corresponding	to	the	resonant	
frequency	introduced	in	the	calculations	of	E,	it	was	assumed	that	the	resonant	fre-
quency	of	the	model	was	the	mode	of	vibration	of	pure	compression	S01.

In	subsequent	works,	Armstrong	and	Brown	(1990)	applied	Equation	(8.11)	in	an	
attempt	to	predict	the	firmness	of	apples	after	a	storage	period	based	on	the	same	
measurement	made	before	such	storage.	The	spectrum	corresponding	to	excitation	
of	 the	 samples	 using	 a	 slight	 impact,	 showed	 a	 predominant	 resonant	 frequency,	
typically	between	800	and	1200	Hz.	It	was	this	frequency	that	was	introduced	in	the	
equation	for	calculating	E;	the	density	of	the	apple	and	Poisson’s	ratio	is	considered	
constant	with	values	of	800	kg/m3	and	0.3,	 respectively.	The	prediction	of	E	was	
adequate	for	firmness	in	groups,	but	did	not	yield	good	results	for	individual	apples.

Huarng	 et	 al.	 (1993)	 started	 afresh	with	 the	 expression	of	 the	Navier	 equation	
(Equation	[8.13])	governing	small	motions	of	an	isotropic,	elastic	sphere,	this	time	to	
determine	the	theoretical	modes	of	vibration	and	check	whether	these	are	consistent	
with	those	measured	with	two	microphones	placed	in	the	apple	equator	excited	by	
an	impact.



176 Physical Properties of Foods

	 λ ρ+ + [ ] =2u u u( ) . '' 	 (8.13)

In	Equation	(8.13),	λ	and	µ	are	Lamé	constants, u is	the	displacement	vector,	and	
ρ	is	the	density.	The	solution	of	this	equation	is	obtained	by	expressing	the	dis-
placement	vector	and	a	scalar	potential	and	vector	potential,	as	given	by	Equation	
(8.14):

	 u = + ×φ ψ 	 (8.14)

Equation	(8.14)	satisfies	the	Navier	equation	if	the	conditions	in	Equations	(8.15)	and	
(8.16)	are	satisfied.	These	equations	are	expressions	of	the	motion	vector	decomposi-
tion	of	an	escalar	potential	and	a	vector	potential,	respectively.
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Either	of	the	these	equations	can	be	solved	by	the	method	of	separation	of	vari-
ables.	It	then	briefly	describes	the	process	for	resolving	ϕ.	Equation	(8.17)	is	the	
expression	of	the	scalar	potential	as	a	product	of	a	function	of	displacement	and	a	
function	of	time.

	 ϕ	=	Ф(r,	θ,	δ)T(t)	 (8.17)

where	r,	θ,	and	δ	are	the	spherical	coordinates.	The	following	expressions	are	obtained.
Equation	(8.18)	expresses	the	scalar	potential	in	terms	of	the	Legendre	polyno-

mial	and	Bessel	function.	It	is	the	expression	of	the	solution	of	Equation	(8.15),	in	the	
case	of	excitation	by	a	pulse	to	the	normal	surface.	According	to	this	equation,	the	
deformation	of	the	surface	of	the	sphere	(with	r	equal	to	the	radius	of	the	sphere)	is	
characterized	by	the	Legendre	polynomial,	Pn(cosθ).

	 φ
ω

θ ω
n n

l
n

i tz r
V

P e n= ( ) =−cos , ,..  con  1 2 .. 	 (8.18)

If	 it	 is	 R	 +	 Pn	 (cosθ)	 against	θ,	 for	 n	 =	 2,	 3,	 and	 4,	 where	 R	 is	 the	 radius	 of	
the	sphere	 ,and	considering	 the	value	of	 the	Legendre	polynomial	 to	 these	values	
(Equation	[8.19]),	we	obtain	the	representative	theoretical	spheroidal	modes	of	vibra-
tion	S20,	S30,	and	S40,	respectively.

	 P0(cos	θ)	=	1
	 P1(cos	θ)	=	cos	θ
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	 P2(cos	θ)	=	(1/4)(3	cos	2θ	+	1)	 	 	 	 	 	 	 (8.19)
	 P3(cos	θ)	=	(1/8)(5	cos	3θ	+	3	cos	θ)
	 P4(cos	θ)	=	(1/64)(35	cos	θ	4θ	+	20	cos	2θ	+	9)

In	S20	mode,	there	are	two	nodal	lines	located	at	θ	=	54.7°	and	θ	=	125.3°,	which	
divide	the	sphere	into	3	zones.	In	S30	mode	there	are	three	nodal	lines	θ	=	39.2°,	90°,	
and	140.8°.	 In	S40	 the	nodal	 lines	are	given	as	θ	=	30.6°,	70.1°,	109.9°,	and	149.9°	
(Figure 8.1).

In	the	experimental	device	the	apples	tested	were	excited	on	a	point	at	the	equator,	
the	point	0°.	A	microphone,	called	a	reference,	was	placed	in	all	the	impacts	to	180°	
of	the	excitation	point.	A	second	microphone	was	moving	for	another	18	points	on	
the	equator,	spaced	at	30	degrees.	For	each	measurement,	the	fruit	is	hit	on	the	point	
0°	and	the	acoustic	signal	is	collected	simultaneously	by	the	two	microphones.	The	
signal	in	the	time	spectrum	was	obtained	by	fast	Fourier	transform,	as	the	sampling	
frequency	and	time	of	collection	for	each	measurement	signal;	256	pairs	of	Fourier	
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FIGURE 8.1  Representation	of	the	theoretical	vibrational	modes	S20,	S30,	and	S40.	(Images	
courtesy	of	Prof.	P.	Chen.)
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coefficients	are	obtained,	aj	and	bj,	j =	1,	2,	…	256.	The	amplitude	and	phase	are	
calculated	according	to	the	following	terms	using	Equation	(8.20):

	

A a b

b a

j j j

j j

= +( )
= ( )−

2 2 1 2

1

/

tan /φ
	 (8.20)

A	representation	similar	to	that	made	with	the	theoretical	data	was	carried	out	
using	the	experimental	measurements.	To	this	end,	each	measuring	point’s	relative	
amplitude	was	calculated	by	dividing	the	amplitude	at	that	point	by	the	amplitude	at	
the	reference	point;	the	phase	was	determined	by	subtracting	a	phase	reference	point	
for	the	measurement	point.

The	spectra	showed	three	clear	resonant	peaks.	Using	each	of	them	to	perform	
the	calculations	described	in	the	previous	paragraph,	it	was	observed	that	they	corre-
sponded	to	the	vibration	modes	S20,	S30,	and	S40.	Figure 8.2	shows	the	points	obtained	
experimentally	on	the	representation	of	the	movement	of	the	vibration	modes.	The	
level	of	agreement	allows	the	authors	to	identify	as	spheroidal	modes	the	real	vibra-
tions	corresponding	to	the	three	resonant	peaks	appearing	in	the	spectra	of	apples	
when	they	are	excited	by	an	impact	at	any	point	on	the	equator.

Rosenfeld	et	al.	(1992)	conducted	a	theoretical	analysis	based	on	numerical	simu-
lation	of	elastic	and	viscoelastic	bodies	subjected	to	dynamic	boundary	conditions,	in	
order	to	model	the	response	of	the	fruit	and	the	possibilities	of	using	it	as	a	method	to	
classify	fruits	according	to	firmness.	To	do	this,	the	fruit	is	represented	as	a	continuous	
three-dimensional	object	arbitrarily	satisfying	the	wave	equation	elasto-dynamics	and	
boundary	conditions.	The	simulation	characterizes	the	behavior	of	the	surface	points	
in	terms	of	displacement	and	traction	both	in	the	time	and	frequency	domains.

The	mathematical	model	of	 the	 fruit	 is	based	on	 the	equation	of	motion	of	an	
elastic	body,	homogeneous,	linear,	and	isotropic	defined	in	a	field	Ω	and	limited	by	
the	surface	Γ	is	shown	in	Equation	(8.21):

	 c c u x t c u x t b u x
i ij i ij j
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2
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where	u	(x, t)	is	the	displacement	vector	associated	with	any	point	x of	the	body;	c1
2 

and	c2
2 are	the	velocities	of	longitudinal	and	transverse	waves,	respectively,	accord-

ing	to	Lamé	constants	and	density	of	the	material;	and	bj	is	the	body	forces	unit	mass.
The	boundary	conditions	were	established	as	a	combination	of	displacement	ui and	

traction	ti in	complementary	regions	of	the	boundary,	as	shown	in	Equation	(8.22):
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The	initial	conditions	for	all	parts	of	the	body	were	given	by	Equation	(8.23):
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	 u x u x
t
u x u xi i i i, ( ); , ( )0 00 0( ) = ∂

∂
( ) =    	 (8.23)

The	solution	to	an	equation	derived	from	Equations	(8.21),	(8.22),	and	(8.23)	is	
obtained	by	the	method	of	boundary	element	approximation.

In	 this	 framework,	 an	 ellipsoidal	 fruit	 was	 simulated.	 In	 different	 simulations	
the	following	values	of	elastic	parameters	were	used:	density	of	780	to	880	kg/m3,	
Poisson’s	ratio	of	0.2	to	0.35,	and	Young’s	modulus	of	3	to	9	MPa.	In	the	simulation,	
the	fruit	was	subjected	to	a	sinusoidal	perturbation	amplitude	of	1	mm	at	its	bottom	
and	the	pull	in	the	rest	of	the	points	of	the	fruit	was	0.

In	the	simulation,	the	frequency	response	of	several	points	on	the	surface	and	for	
different	directions	of	motion	were	obtained,	so	the	results	of	the	work	could	be	used	
to	study	the	vertical	displacement	of	 the	point	 located	on	the	top	of	 the	body,	 the	
vertical	displacement	of	a	node	on	the	equator,	the	horizontal	displacement	of	this	
node,	and	the	vertical	traction	of	the	excitation	point	(the	lowest	point	of	the	body).
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FIGURE 8.2  Representation	of	the	vibration	modes	of	theoretical	and	experimental	S20,	S30,	
and	S40.	(Images	courtesy	of	Prof.	P.	Chen.)
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The	representation	for	each	point	of	its	velocity	divided	by	the	traction	at	the	point	
of	excitation	(mm.s−1/Pa)	versus	frequency	(Hz)	showed	the	resonant	frequencies	of	
the	fruit	for	certain	values	of	the	elastic	parameters.	Analyzing	this	representation	
for	 the	vertical	displacement	of	 the	 top	point	 and	 the	horizontal	 and	vertical	dis-
placements	of	the	equatorial	point,	 the	authors	describe	the	modes	of	vibration	of	
the	body:	The	first	resonant	frequency	observed	in	the	vertical	displacements	(below	
300	Hz)	was	not	in	the	horizontal	displacement,	which	coincides	with	the	results	of	
Yong	and	Bilanski	(1979)	on	the	assimilation	of	the	first	resonance	the	motion	of	the	
system	of	one	degree	of	freedom.	The	second	resonant	peak	(above	500	Hz)	occurred	
in	both	the	vertical	displacement	of	the	top	spot	as	the	horizontal	displacement	of	the	
equatorial	point,	and	did	not	appear	in	the	vertical	movement	of	this	node,	so	that	
this	resonance	is	identified	as	the	spheroidal	vibration	mode	oblate-prolate.

The	mechanical	properties	of	fruits	are	frequently	represented	as	viscoelastic	
models.	Many	studies	have	provided	data	for	these	models	of	static	tests;	however,	
in	the	absence	of	data	in	dynamic	models,	the	authors	defined	a	three-dimensional	
viscoelastic	solid	model	to	replace	Young’s	modulus,	so	the	Young	complex	modu-
lus	can	be	expressed	as	Equation	(8.24),	which	represents	the	model	in	Figure 8.3.
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The	influence	of	mechanical	properties	in	the	frequency	response	was	examined	
through	the	effect	produced	by	the	variation	of	the	Poison	ratio,	density,	fruit	size,	
and	parameters	affecting	 the	complex	Young’s	modulus	of	 the	viscoelastic	model	
(Figure 8.3).	Horizontal	speed	was	calculated	at	the	highest	point	of	the	fruit;	 the	
result	of	dividing	this	rate	by	the	amplitude	of	excitation	is	plotted	versus	frequency	
for	different	values	of	these	parameters.

The	variation	of	E1	between	2	and	3	MPa	caused	an	increase	in	the	resonant	fre-
quencies.	The	increase	of	the	damping	ratio	η caused	a	decrease	in	the	amplitude	of	
the	 resonant	peaks,	while	 the	 resonant	 frequencies	appeared	virtually	unchanged;	
the	increase	in	E0	had	the	same	effect.	The	decrease	in	fruit	size	simulated	a	decrease	

E1

E0 η

FIGURE  8.3  Three-dimensional	 viscoelastic	 solid	 model	 used	 to	 replace	 Young’s	
modulus.
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in	mass,	which	produced	an	 increase	 in	 the	 resonant	 frequencies;	 the	decrease	 in	
density	 and	 consequently	 in	 the	 mass	 produced	 the	 same	 trend	 in	 the	 resonant	
frequencies.

Finally,	the	decrease	in	the	Poisson	ratio	caused	a	strong	damping	in	the	second	
resonant	 frequency,	while	changes	 in	 the	first	were	 less	pronounced.	The	authors	
explained	the	vibration	modes	corresponding	to	each	of	the	two	peaks	as	follows:	
the	first	mode	corresponds	to	a	“longitudinal”	intuitively	independent	of	the	Poisson	
ratio,	and	the	second	relates	to	a	spheroidal	mode	in	which	there	is	lateral	movement	
that	is	directly	related	to	this	ratio.

In	this	study	there	were	higher	lags	in	the	measurement	of	the	signal	between	the	
upper	and	equatorial	point	in	the	resonant	peaks,	which	could	provide	another	tool	
for	finding	the	resonant	frequencies	of	the	samples.

8.2.2.2   Collection of the Signal by Recording System: Use of Pattern 
Spectrum for the Extraction of Frequencies with Higher 
Discriminating Power between Stages of Maturity

One	of	the	first	applications	of	the	acoustic	response	technique	to	impact	was	devel-
oped	by	Saltveit	et	al.	(1975).	This	paper	discusses	the	sound	produced	by	a	tomato	
when	it	is	tapped	with	the	finger	as	compared	to	the	time	the	tomato	needs	to	reach	
the	 state	 of	 green-red	 color.	 The	 sound	 produced	 by	 the	 samples	 was	 recorded.	
Using	 the	algorithm	of	 the	 fast	Fourier	 transform,	spectra	 signals	were	extracted.	
The	region	of	interest	 in	the	spectrum	was	established	at	2,000	Hz.	The	resulting	
average	spectra	of	9	tomatoes	that	were	close	to	achieving	a	green-red	color	was	used	
as	the	pattern	spectrum	of	this	state	of	maturity.	The	same	procedures	were	followed	
to	obtain	the	pattern	spectrum	for	green	tomatoes.	By	the	difference	(subtraction	of	
the	amplitudes	at	each	frequency)	of	the	two	pattern	spectra,	the	frequencies	with	
greater	distances	between	the	two	groups	were	obtained,	assuming	that	the	ampli-
tudes	at	these	frequencies	could	be	correlated	with	the	maturity	of	tomatoes.	Seven	
frequencies	were	used	to	define	the	parameters	for	classification:	mean	amplitude	of	
each	of	the	40-Hz-wide	windows	centered	at	the	frequencies	of	higher	differences.	
The	window	between	610	and	650	Hz	showed	the	highest	correlation	with	the	stage	
of	maturity,	but	 the	variability	in	the	results	was	such	that	 the	classification	of	an	
individual	showed	a	high	probability	of	error.

The	maximum	amplitude	frequency	was	also	used	as	a	parameter	of	classifica-
tion,	with	similar	results.	However,	although	a	tendency	for	the	frequency	of	maxi-
mum	amplitude	to	be	greater	for	less-mature	tomatoes	was	observed,	the	dispersion	
of	the	data	was	such	that	it	was	impossible	the	classification	of	tomatoes	in	maturity	
groups	based	on	these	data.

8.2.2.3  Signal Collection with a Microphone

8.2.2.3.1  Resonant Frequencies Used as Acoustic Parameters in Analysis
Chen	 et	 al.	 (1992)	 compared	 measurements	 of	 acoustic	 response	 to	 impact	 of	 14	
apples	of	different	varieties,	ranked	in	terms	of	sound	perceived	by	three	experts.	
The	influence	of	the	impact	location	on	the	fruit,	the	sample	holder,	and	the	method	
of	generation	of	the	impact	were	studied.
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Expert	classification	was	carried	out	by	hitting	the	sample	with	the	finger	and	hear-
ing	the	sound	with	the	ear	close	to	the	apple	and	evaluating	the	tone	of	the	sound	pro-
duced.	Ten	groups	were	established	based	on	tone.	For	all	tests,	the	microphone	was	
placed	on	the	opposite	side	of	the	point	of	impact	(all	around	the	equator)	and	separated	
from	the	surface	of	the	fruit	by	about	3	mm.	Accidental	contact	between	the	sample	
and	the	microphone	sensing	element	caused	significant	distortions	in	the	signal.

The	impact	methods	analyzed	are	shown	in	Table 8.1.	By	analyzing	the	spectra	it	
was	observed	that	although	most	of	them	had	several	resonant	frequencies,	in	some	
of	them	appeared	only	the	lowest	resonant	frequency	(as	Yamamoto	et	al.	[1980]	and	
Armstrong	et	al.	(1990)	pointed	out	in	their	studies).	According	to	preliminary	stud-
ies,	the	contact	time	of	impact	affects	the	resonant	frequencies	that	are	excited.	By	
changing	the	striking	mass	and	using	a	more	flexible	rod,	it	was	possible	to	increase	
the	contact	time;	manual	excitation	also	produces	a	lower	impact	speed.	The	results	
showed	that	the	impact	time	affects	the	second	and	subsequent	resonant	frequencies:	
a	contact	time	of	T	seconds	excites	the	vibration	corresponding	approximately	to	the	
resonant	frequencies	1/T	Hz.

Variations	 in	 the	 location	of	 the	point	of	 impact	 around	 the	equator	 showed	no	
significant	differences	in	frequencies,	although	their	amplitudes	changed.	The	same	
effect	was	 found	when	 comparing	different	methods	of	 support	 (Table 8.1):	When	
the	fruit	is	suspended,	the	restrictions	on	its	vibration	are	minimal	and	the	resonant	
frequency	of	greatest	 amplitude	 is	first,	 followed	by	 the	 second,	 third,	 and	 fourth.	
When	the	fruit	is	placed	in	a	cylinder,	the	second	resonant	frequency	shows	the	greater	
amplitude.

The	classification	into	10	groups	based	on	the	tone	heard	by	experts	correlated	
well	with	the	first	two	resonant	frequencies	(R2	=	0.9	for	the	first	resonant	frequency	
and	R2	=	0.96	for	the	second).

8.2.2.3.2  Stiffness Coefficients Used as Acoustic Parameters in Analysis
Duprat	et	al.	(1997)	applied	the	formula	proposed	by	Cooke	and	Rand	(1973)	to	esti-
mate	the	modulus	of	elasticity	(E = f2m2/3ρ1/3)	of	apples	while	on	the	tree	and	in	stor-
age,	as	well	as	tomatoes	at	different	stages	of	maturity.	The	f	in	the	above	expression	
corresponds	to	the	frequency	with	the	higher	amplitude.	The	acoustic	test	equipment	
consisted	of	an	impact	system	and	a	microphone	that	picked	up	the	signal	at	the	point	
diametrically	opposite	to	the	impact.

The	average	firmness	of	the	flesh	in	a	penetration	test	at	a	depth	of	between	5	and	
9	mm	is	considered	the	reference	parameter.	The	decrease	in	modulus	of	elasticity	
calculated	from	the	resonant	frequency	and	the	firmness	while	maturing	on	the	tree	

TABLE 8.1
Methods of Impact and Support Elements of the Sample in the Measurement 
of Acoustic Impact Response in Apples (Chen et al., 1992)
Methods of Impact By	Hand:	Impact	with	the	Finger Flexible	Rod	with	a	Metallic	Disc	in	the	

Extreme

Support Elements Suspended On	a	Plexiglas	Cylinder
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for	over	one	month	followed	similar	patterns.	This	study	states	that	an	increase	in	
the	modulus	was	recorded	on	a	mid-term	date;	however,	on	the	same	date,	the	firm-
ness	parameter,	which	was	obtained	destructively,	continued	the	decreasing	trend.	
The	explanation	may	be	found	in	the	rainfall	two	days	before	the	time	of	this	test,	
which	caused	an	increase	in	fruit	turgor.	Similar	decreases	in	firmness	and	elastic-
ity	modulus	were	also	observed	throughout	the	storage	period,	and	were	especially	
pronounced	until	day	110,	after	which	values	stabilized.

To	establish	the	degree	of	relationship	between	firmness	and	elasticity	coefficient	
set	with	the	acoustic	instrument,	a	data	set	of	the	three	seasons	studied	and	the	pro-
gression	both	in	tree	and	in	storage	was	employed;	the	correlation	coefficient	was	
0.84.	In	the	graph	of	firmness	versus	modulus	of	elasticity,	this	can	be	observed	as	
a	change	of	slope	around	1.9	MPa.	Two	populations	can	be	distinguished:	one	cor-
responding	to	the	immature	hard	apple	and	the	other	consisting	of	the	mature	fruit.	
The	coefficient	of	variation	of	the	modulus	of	elasticity	for	the	population	of	softer	
individuals	is	8.5%,	while	for	mature	individuals	it	is	17.5%;	in	the	case	of	firmness,	
coefficients	of	variation	were	10%	and	4.5%,	respectively.	It	seems	therefore	that	the	
firmness	parameter	would	discriminate	better	between	immature	individuals,	while	
the	modulus	of	elasticity	would	be	the	best	indicator	for	mature	individuals.	Seventy	
five	apples	of	similar	firmness	(12,02	+	0,93	N)	were	selected	to	study	the	effect	of	
different	masses	(measured	range	was	from	89	to	216g)	in	the	resonant	frequencies.	
As	expected,	there	was	a	clear	relationship	between	the	resonant	frequency	and	mass	
(correlation	coefficient	0.91),	whereas	there	was	poor	correlation	between	the	modu-
lus	of	elasticity	and	mass	(0.05).

The	work	that	Schotte	et	al.	(1999)	did	with	tomatoes	aimed	to	evaluate	the	corre-
lation	between	the	stiffness	index	f2m2/3	obtained	in	the	measurements	of	the	acous-
tic	 response	 to	mechanical	 impact	 and	 the	 sensory	evaluation	panel	of	 experts	 to	
determine	the	slightest	difference	in	the	stiffness	index	that	evaluators	are	able	to	
detect,	and	to	use	the	technique	of	acoustic	response	to	mechanical	impact	to	study	
the	changes	in	firmness	produced	during	storage	of	tomatoes	and	the	influence	of	
factors	such	as	maturity	at	time	of	harvest	and	in	storage	conditions.

In	the	acoustic	test	the	tomatoes	were	placed	horizontally	on	a	support	covered	
with	a	foam	cushion.	In	the	same	support	a	microphone	was	placed	perpendicular	
to	the	surface	of	the	fruit	and	close	to	the	cushion	(a	few	mm).	Tomatoes	are	excited	
by	manual	 impact	at	 three	points	on	the	equator	with	a	head	attached	to	a	plastic	
rod;	 the	average	acoustic	parameter	of	 the	 three	 impacts	characterized	each	fruit.	
The	determination	of	the	stiffness	index	was	performed	using	the	first	resonant	fre-
quency,	for	which	an	arbitrary	criterion	was	established	that	the	frequency	selected	
as	the	first	resonance	would	have	to	arise	at	least	50%	of	the	maximum	amplitude	
of	the	spectrum.

Some	discrepancies	were	found	in	the	sensory	tests	conducted	with	different	pan-
els	of	experts,	which	means	that	results	must	be	rescaled	in	order	 to	compare	 the	
results	of	different	panels.	A	logarithmic	model	explained	the	relationship	between	
the	stiffness	index	value	and	the	scores	of	the	experts	(R2	=	0.79).	The	experts	showed	
greater	power	of	segregation	in	low	index	value	samples:	For	index	values	below	5	×	
106	Hz2.g2/3,	all	the	experts	were	able	to	accurately	distinguish	changes	of	2.5	×	106	
Hz2.g2/3,	and	only	a	few	were	able	to	find	variations	of	1.5	×	106	Hz2.g2/3.	In	regard	to	
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the	index	value	limits,	tomatoes	with	less	than	2	×	106	Hz2.g2/3	had	a	50%	chance	of	
being	rejected	by	the	experts.

Assuming	that	the	changes	of	firmness,	for	a	given	temperature	are	a	function	of	
time,	the	firmness	index	can	be	expressed	as	a	function	of	degradation	in	a	first-order	
model	(Equation	[8.25]),	where	S	is	the	rate	of	firmness,	the	index	is	S0,	the	initial	
time	is	t,	and	the	degradation	constant	is	α	(1/day).

	
dS
dt

S S S e t= − = −α α  ó  0
( , ) 	 (8.25)

Firmness	index	measurements	were	made	in	different	batches	for	different	com-
binations	of	storage	temperature,	harvest	dates,	early	stages	of	firmness,	and	so	on.	
The	measured	values	of	S	were	used	 to	 calculate	 the	degradation	 coefficients	 for	
each	of	the	combinations	of	factors,	noting	that	for	a	storage	temperature	of	20°C,	
the	degradation	coefficient	is	not	affected	by	harvest	time	or	the	state	of	maturity	at	
harvest,	but	for	temperatures	of	12ºC,	constant	degradation	was	higher	in	tomatoes	
collected	at	the	point	of	color	change.

Introducing	the	state	of	initial	firmness	of	the	samples	and	their	degradation	coeffi-
cient	under	certain	conditions	in	Equation	(8.25),	the	authors	established	the	maximum	
storage	time	beyond	which	tomatoes	reached	a	firmness	index	of	2.5	×	106	Hz2.g2/3.

De	Belieet	al.	(2000)	adapted	the	acoustic	response	device	used	by	Schotteet	al.	
(1999)	for	mechanical	impact	as	an	automated	control	of	the	evolution	of	the	firm-
ness	within	cold	storage	chambers.

The	system	of	automatic	monitoring	of	firmness,	used	 in	 this	study	 to	monitor	
apples	 stored	 at	 1°C	 and	 95%	 relative	 humidity	 for	 140	 days,	 consisted	 of	 a	 line	
rotating	with	13	holes	in	which	the	samples	were	placed.	The	system	also	included	
an	optical	sensor	to	detect	the	position	of	the	samples,	an	electromagnetic	excitation	
system	whose	activation	depended	on	the	optical	sensor	signal,	a	microphone	placed	
in	 a	fixed	base	under	 the	 revolving	 line	 and	vertical	 to	 the	 excitation,	 and	 a	data	
acquisition	 system	with	a	PC	 located	outside	of	 the	 refrigerator.	Making	periodic	
measurements	allowed	the	researchers	to	establish	the	degradation	rate	based	on	the	
firmness	index	according	to	Equation	(8.25)	and	the	maximum	storage	time	allow-
able,	after	which	the	firmness	was	not	suitable	for	consumption.	The	firmness	index	
was	calculated	using	the	first	resonant	frequency	of	the	response	signal	of	the	apples.

There	was	some	discrepancy	between	the	data	obtained	with	the	automated	sys-
tem	and	the	fixed	acoustic	analysis	of	the	response	to	mechanical	impact.	The	auto-
mated	system	gave	consistently	higher	resonant	frequencies	than	the	fixed	system,	
which	could	be	due	to	different	coating	materials	and	support.

In	the	last	ten	years,	some	researchers	have	applied	the	method	of	impact	acoustic	
response	as	a	reference	method.	In	these	cases,	the	stiffness	coefficient	has	gone	from	
being	a	parameter	associated	with	a	method	under	development	to	a	reference	mea-
surement	used	to	accept	or	reject	hypotheses	regarding	other	techniques	or	variables.

Roth	et	al.	(2003)	used	this	technique	to	measure	changes	during	the	storage	of	
apples	grown	using	ecologic	practices	and	to	compare	different	storage	technologies.	
The	only	parameter	used	in	this	study	to	characterize	the	firmness	of	the	samples	was	
defined	as	the	stiffness	coefficient	f2.m	(N	/	mm).	The	use	of	this	coefficient	instead	
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of	the	now	most	widely	used	coefficient	f2.m2/3	(s−2kg2/3)	is	justified	by	the	authors	as	
being	more	accepted	by	the	industry	because	it	is	expressed	in	N/mm	units.	There	
were	differences	 in	 this	parameter	due	to	 the	grown	practices,	station,	and	storage	
practices.	The	variation	along	the	storage	time	of	f2m	fits	well	in	an	exponential	model	
when	using	the	average	data	for	each	day	of	measurement.

The	hypothetical	action	of	the	enzyme	polygalacturonase	in	the	process	of	fruit	soft-
ening	was	studied	by	correlating	the	cumulative	activity	of	this	enzyme	and	the	stiff-
ness	index	( f2m).	A	significant	correlation	between	the	two	parameters	was	observed.

Herppichet	et	al.	(2003)	designed	an	experiment	to	study	the	effect	of	water	sta-
tus	 in	 tissue	 elasticity.	 To	 this	 aim,	 the	 dehydration	 process	 by	 free	 transpiration	
of	18	radishes	was	controlled.	During	the	dehydration	process,	several	parameters	
were	periodically	measured:	 fresh	mass,	 the	 stiffness	 index	 f2m 2/3	where	 f	 is	 the	
first	resonant	frequency	of	the	spectrum,	the	apparent	modulus	E	(compression	test	
quasi-static),	and	the	potential	of	water	using	a	pressure	chamber.	Finally,	after	the	
period	of	transpiration,	dry	weight	(drying	in	an	oven	at	85°C)	was	determined	for	
each	unit	tested.

The	 apparent	 elastic	 modulus	 E	 decreases	 linearly	 with	 an	 increase	 in	 water	
potential	(r2	=	0.69).	The	representation	of	E	versus	relative	water	deficit	follows	a	
curve	(r2	=	0.8)	in	which	E	 increases	by	increasing	the	water	deficit.	The	slope	of	
these	representations	fall	sharply	when	water	losses	are	so	large	that	the	power	is	less	
than	−1	MPa	and	the	relative	water	deficit	is	greater	than	0.12.	In	the	inflection	points	
of	these	representations	(to	−1.17	MPa	water	potential	and	water	relative	deficiency	
of	0,117)	pressure	potential	(related	to	turgor)	is	almost	0,	which	may	indicate	that	
the	influence	of	water	on	the	mechanical	properties	of	the	tissue	becomes	very	minor	
when	there	is	no	hydrostatic	pressure	component	in	the	water	potential.

However,	 the	 coefficient	 of	 rigidity	 does	 not	 show	 a	 good	 relationship	 with	
measures	of	water	status	 in	 the	product.	Hardly	a	 trend	 in	 the	data	 is	observed:	
stiffness	 coefficient	 decreased	 with	 decreasing	 water	 potential	 (r2	 =	 0.06)	 and	
increasing	relative	water	deficit	(r2	=	0.12).	It	could	be	concluded	that	the	stiffness	
index	is	not	a	good	predictor	of	the	elastic	characteristics	of	the	radish,	but	this	
does	not	match	what	is	concluded	in	the	work	done	on	other	products.	This	could	
be	explained	if	we	consider	that	in	many	of	these	studies	have	involved	long-term	
storage	and/or	growth,	 in	which	changes	 in	 the	elastic	properties	of	 the	product	
is	due	more	to	changes	in	the	cell	walls	than	variations	in	water	status.	Thus,	the	
authors	conclude	that	the	stiffness	index	is	more	related	to	the	texture	component,	
which	refers	to	the	properties	of	cell	walls.	The	structure	and	composition	of	the	
product	studied	in	 this	work	differs	greatly	from	those	of	 the	fruits	analyzed	in	
other	research.	On	the	other	hand,	there	are	few	tested	units,	so	that	the	statements	
and	conclusions	 in	 this	paper	should	be	viewed	with	some	caution	before	being	
extended	to	all	cases.

8.2.2.3.3  Other Treatments of the Signals: Other Acoustic Parameters for 
Determining the Internal Quality of Horticultural Products

Horticultural	 products	 are	 composed	 of	 tissues	 with	 high	 damping,	 in	 which	 the	
vibration	after	impact	only	lasts	a	few	ms,	typically	10	ms,	so	the	number	of	points	
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in	the	signal	in	time	to	be	used	in	fast	Fourier	transform	(FFT)	is	very	small.	This,	
coupled	 with	 (1)	 the	 asymmetry	 of	 these	 items	 and	 (2)	 the	 heterogeneity	 of	 their	
structures	(which	causes	different	resonant	frequencies	to	be	determined	depending	
on	the	point	of	impact	and	point	of	measurement)	cause	the	appearance	of	several	
resonant	frequencies	very	close	to	each	other	and	with	similar	amplitudes,	resulting	
in	low	reproducibility	in	determining	a	resonant	frequency	in	a	specific	sample	(De	
Ketelaere	and	De	Baerdemaeker,	2001).	The	application	of	nonparametric	smooth-
ing	to	the	spectrum	according	to	the	results	of	these	authors	increases	the	robustness	
of	the	determination	of	resonant	frequencies.	The	application	of	methods	of	smooth-
ing	the	signal,	based	on	Fourier	series,	can	find	optimal	smoothing	parameters	that	
do	not	cause	data	loss,	and	eliminate	as	much	noise	as	possible.

The	estimated	smoothing	function	is	given	in	Equation	(8.26):
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where	 the	estimate	of	φj	 is	defined	 in	Equation	 (8.27),	m	 is	 the	number	of	points	
in	 the	 calculation	 of	 point	 j,	 the	 value	 of	 m	 is	 one	 that	 maximizes	 the	 so-called	
risk	function,	which	involves	the	variance	of	spectrum,	the	estimated	Fourier	coef-
ficients,	and	m.
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Nonparametric	 smoothing	 was	 applied	 to	 the	 signals	 of	 tomatoes	 subjected	 to	
impact.	 The	 benefit	 of	 softening	 of	 the	 spectra	 was	 evident	 in	 the	 softest	 fruits,	 in	
which	a	significant	decrease	in	the	coefficient	of	variation	of	the	resonant	frequency	
was	achieved	when	the	spectrum	was	smoothed	(De	Ketelaere	and	De	Baerdemaeker,	
2001).

The	 technique	 of	 acoustic	 impact	 response	 was	 used	 for	 detection	 of	 internal	
voids	in	Conference	pears	(Schrevens	et	al.,	2001);	new	systems	of	discrimination	
and	new	acoustic	parameters	were	proposed.	The	combination	of	certain	conditions	
of	collection	and	storage	can	cause	physiological	disorders	in	some	species	and	is	
relatively	common	to	find	apples	with	internal	browning	and	even	holes.	The	spec-
tra	of	pears	with	these	internal	problems	had	certain	abnormalities	with	respect	to	
healthy	pears,	as	seen	in	the	appearance	of	peaks	near	the	peak	of	maximum	ampli-
tude.	Two	groups	of	parameters	to	characterize	the	spectra	were	established	(regions	
of	interest	ranged	between	300	and	1,300	Hz).	On	the	one	hand	were	considered	the	
following	parameters:	frequency	of	maximum	amplitude,	the	number	of	peaks	with	
amplitudes	greater	than	33%	of	the	higher	amplitude,	damping	measured	at	the	peak	
of	greater	amplitude,	area	under	the	spectrum,	and	momentum	of	order	0	of	the	spec-
tral	curve	with	the	rotation	axis	passing	through	the	peak	of	greater	amplitude.	On	
the	other	hand,	the	normalized	spectra	of	pears	were	approached	by	Fourier	series	
consisting	of	24	parameters	(12	sines	and	12	cosines).	A	Fourier	series	expresses	a	
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function	as	the	sum	of	cosines	and	sines	with	a	period	of	2πλ.	The	multiple	correla-
tion	coefficient	(R2)	between	the	observed	spectrum	and	that	predicted	by	the	Fourier	
series	was	99%.	Each	of	 the	groups	of	parameters	was	 introduced	 in	a	 statistical	
analysis	based	on	classification	and	regression	trees:	The	algorithm	of	classification	
and	regression	trees	select	variables	with	a	significant	level	of	prediction,	and	build	
the	decision	rules	in	a	binary	decision	tree.

The	decision	tree	based	on	the	first	parameter	group	presented	two	nodes:	Pears	
whose	spectrum	has	a	peak	with	an	amplitude	higher	 than	33%	of	 the	maximum	
amplitude	are	considered	pears	with	internal	disorders;	those	that	do	not	meet	this	
condition	are	considered	pears	without	internal	quality	problems	if	their	momentum	
exceeds	a	threshold,	and	are	classified	as	suffering	some	problem	if	their	momentum	
is	less	than	or	equal	to	this	threshold.	In	an	analysis	of	70	pears,	10%	of	pears	can	be	
well	classified	using	this	decision	tree.

Another	decision	tree	was	established	with	5	nodes,	and	using	the	coefficients	of	
the	Fourier	series.	With	this	decision	tree	the	percentage	of	well-classified	units	rose	
to	about	95%.

8.2.2.3.4  Speed of Propagation of a Disturbance Used 
as an Acoustic Parameter in Analysis

Sugiyamaet	 et	 al.	 (1994)	 questioned	 the	 use	 of	 resonant	 frequencies	 as	 a	 param-
eter	for	estimating	the	maturity	of	fruits	and	vegetables,	although	it	has	been	shown	
that	the	resonant	frequencies	decrease	as	the	fruits	mature,	the	resonant	frequencies	
are	affected	by	the	shape	and	size	of	the	bodies.	Some	authors	have	proposed	rates	
including	resonant	frequency,	mass,	and	density	to	offset	the	effect	of	size,	but	then	
assume	the	characteristics	of	an	elastic	sphere.

In	their	experimental	design,	the	equator	of	melons	tested	is	divided	in	24	equal	
parts.	A	pendulum	hits	one	of	the	points	of	the	equator	and	the	signal	is	picked	up	
with	a	microphone	placed	each	time	at	one	of	the	21	remaining	points,	excluding	the	
point	impact	and	the	two	closest	to	it.	The	21	signals	per	sample	were	included	in	a	
tridimensional	diagram	in	which	the	axes	were	the	time,	location,	and	intensity	of	
the	microphone.	These	signals	exhibited	a	pattern	in	X,	so	the	authors	concluded	that	
the	impact	response	signal	is	transmitted	through	the	surface	with	a	uniform	speed	
in	both	directions.

The	transmission	of	the	impact	response	at	the	equator	was	considered	as	part	of	a	
spherical	wave	spreading	across	the	surface.	A	simplification	was	taken	into	account	
considering	only	one	dimension.	The	wave	equation	is	expressed	in	Equation	(8.28),	
where	v	is	the	transmission	speed	and	u	(x, t)	is	the	displacement	at	a	point	x,	in	an	
instant	t.
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Considering	a	small	volume	of	the	sample,	with	a	linear	density	ρ,	subjected	to	a	
pure	displacement	of	traction,	the	expression	in	Equation	(8.29)	is	proposed,	where	
E	is	the	modulus	of	elasticity.
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	 v E2 = ρ 	 (8.29)

The	 speed	 of	 transmission	 of	 the	 response	 to	 the	 impact	 was	measured	on	 36	
melons.	The	maximum	penetration	force	and	the	score	given	by	a	panel	of	48	tasters	
were	the	reference	variables	used	to	compare	with	the	speed	measurements.

The	testing	device	consisted	of	a	pendulum	impact	generator	and	two	microphones	
located	parallel	and	spaced	5	mm	and	3	mm	from	 the	surface	of	 the	melon.	The	
microphones	were	placed	to	record	the	signal	at	a	point	on	the	melon	that	formed	an	
angle	of	less	than	90°	to	the	point	of	impact,	because	otherwise,	the	transmitted	wave	
in	 the	other	direction	would	 interfere	with	 that	which	you	wish	 to	measure.	With	
this	microphone	arrangement,	the	microphone	nearest	the	impact	point	recorded	the	
response	first;	the	other	microphone	recorded	this	response	100	µs	s	later.	The	lag	
time	between	the	two	microphones	corresponds	to	a	distance	of	5	mm	(the	distance	
between	two	microphones).

The	 delay	 time	 was	 measured	 by	 calculating	 the	 cross-correlation	 function	
between	the	signals	in	time.	For	this	purpose,	256	points	were	selected	in	each	of	
the	microphone	signals	behind	the	point	of	maximum	intensity	of	the	first	peak	and	
256	points	 later.	The	delay	 time	 is	determined	considering	 the	peak	of	 the	cross-
correlation	function.

A	correlation	coefficient	of	0.832	between	the	parameter	transmission	speed	and	
maximum	 penetration	 force	 was	 obtained,	 observing	 a	 lower	 repeatability	 in	 the	
force	of	penetration	than	in	the	transmission	speed.

Similar	experimental	design	was	applied	in	the	work	of	Hayashi	and	Sugiyama	
(2000),	in	which	melons,	apples,	and	pears	were	measured.	The	velocity	of	the	waves	
transmitted	on	the	surface	is	the	parameter	that	relates	to	firmness	in	these	fruits.

Sugiyamaet	et	 al.	 (1998)	moved	 to	a	portable	device	 for	field	use	which	deter-
mined	 the	 speed	of	 transmission	of	 the	wave	 response	 to	mechanical	 impulse.	A	
more	compact	design	was	achieved	as	a	result	of	including	in	a	single	carcass,	the	
striker	element,	and	microphones.	A	trigger	attached	to	a	spring	system	caused	the	
impact	rod	to	move.	The	microphones	were	spaced	16	mm	apart.

A	total	of	72	melons	of	different	varieties	were	measured	with	the	portable	device.	
The	correlation	found	between	the	apparent	elasticity	measured	in	a	compression	test	
of	probes,	and	the	transmission	speed,	was	higher	than	0.9.

This	device	also	monitors	a	melon	in	plant,	collecting	data	starting	20	days	after	
pollination	and	finishing	13	days	after	harvest,	held	61	days	after	pollination.	During	
the	first	5	days	an	increase	in	the	transmission	speed	was	observed;	from	the	begin-
ning	of	the	formation	of	the	grid	surface	of	the	melon	and	the	increase	in	its	circum-
ference,	the	transmission	speed	decreased	until	harvest.	After	harvest,	the	decrease	
of	the	speed	was	more	pronounced.

8.2.2.4  Signal Collecting with an Accelerometer
De	Belie	et	al.	(2000)	checked	the	viability	of	the	acoustic	impact	response	system	
on	nonspherical	fruit,	particularly	pears,	measuring	changes	in	the	firmness	index	
( f2m2/3)	produced	during	the	ripening	of	the	fruit	on	the	tree.
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In	this	case,	an	accelerometer	sensor	element	was	placed	at	the	end	of	the	flower,	
and	the	excitation	was	produced	by	an	impact	near	the	stalk.	Due	to	the	difficulties	
of	measuring	the	weight	of	each	fruit	on	the	tree,	an	estimate	was	made	that	took	
into	account	the	diameter	and	length	of	each	fruit.	A	decrease	in	the	firmness	index	
along	the	track	of	samples	on	the	tree	was	observed	(from	4	weeks	before	the	date	
of	commercial	harvest,	up	to	2	weeks	later),	noting	that	between	three	weeks	and	
one	week	before	the	commercial	harvest	date,	there	is	a	sudden	drop	in	the	firmness	
index,	from	which	this	parameter	is	set	to	Equation	(8.25),	where	t	is	the	time	elapsed	
since	the	sharp	decline	occurs	in	the	firmness	index.	However,	the	calculation	of	the	
degradation	rate	can	be	better	estimated	in	the	evolution	of	fruit	after	harvest	rather	
than	on	the	tree.

The	 method	 of	 measuring	 the	 response	 to	 mechanical	 impact	 was	 considered	
to	be	a	good	system	to	monitor	the	evolution	of	firmness	of	pears	on	the	tree,	and	
to	determine	 the	optimal	harvest	date,	 especially	 if	we	consider	 that	 the	correla-
tion	coefficients	between	the	firmness	index	and	destructive	variables	indicative	of	
maturity	(maximum	penetration	force,	soluble	solids	content,	and	modulus	of	elas-
ticity)	ranged	between	0.59	and	0.82.	Moreover,	as	a	nondestructive	method,	it	was	
possible	to	monitor	the	same	fruits	along	the	ripening	process,	giving	a	more	accu-
rate	idea	of	the	evolution	of	firmness	than	with	destructive	methods,	which	require	
different	samples	each	 time	 the	measurements	are	made,	giving	a	more	 irregular	
pattern	of	changes.

8.2.2.5  Signal Collecting with a Piezoelectric Sensor

8.2.2.5.1  Stiffness Coefficients as Acoustic Parameters Used in Analysis. 
Other Parameters: Damping, Frequency Spectrum Centroid

Shmulevich	et	al.	(1994)	developed	a	new	system	for	assessing	firmness	based	on	
the	acoustic	response	of	fruit	produced	by	impacting	the	sample	with	a	pendulum;	
however,	 the	 sensor	 element	 of	 the	 system	 consisted	 of	 a	 flexible	 piezoelectric	
film.	The	piezoelectric	sensor	was	formed	by	a	sheet	of	polyvinylidene	fluoride	
(PVDF)	coated	with	two	layers	of	conductor	material,	all	surrounded	by	a	poly-
ethylene	foam	to	allow	vibration	of	the	fruit.	The	system	included	a	load	cell	to	
record	the	weight	of	each	fruit.	For	each	measure,	the	firmness	index	( f2m2/3)	was	
determined.

The	research	studied	the	evolution	of	the	firmness	of	plums,	nectarines,	and	man-
goes	during	storage.	The	plums	were	placed	in	the	holder	of	the	device.	The	piezo-
electric	sensor	measured	at	two	positions,	one	below	the	sample	and	one	on	the	side,	
coinciding	with	equator	and	90	degrees	from	the	point	of	impact.	The	sensor	con-
figuration	was	the	same	for	nectarines,	except	that	the	fruit	was	placed	in	the	holder	
with	the	stem	horizontal,	so	that	the	sensor	located	under	the	sample	was	located	at	
the	equator	and	was	at	90	degrees	from	the	point	of	impact,	while	the	lateral	sensor	
measured	in	one	shoulder	of	the	sample.	The	mango,	due	to	its	shape	and	size,	could	
only	be	measured	with	the	piezoelectric	sensor	located	in	the	bed	of	support.

A	 second-order	 polynomial	 function	 allowed	 the	 firmness	 index	 value	 to	 be	
modeled	versus	days	of	storage	of	the	fruit.	The	best	results,	defined	as	less	disper-
sion	of	data,	were	obtained	with	sensors	that	measured	in	the	equator	of	plums	and	
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nectarines	at	90	degrees	from	the	point	of	impact.	The	results	showed	greater	vari-
ability	in	mango,	which	seems	to	require	a	different	support	design	adapted	to	the	
characteristics	of	shape	and	size	of	this	fruit.

The	use	of	the	sensor	element	introduced	in	this	work	could	broaden	the	perspec-
tives	of	use	in	the	agricultural	industry	of	classification	devices	based	on	the	vibra-
tion	characteristics	of	products.

An	exhaustive	investigation	in	avocados,	in	which	the	technique	and	the	device	
previously	described	was	used	(Galili	et	al.,	1998),	allowed	proposal	of	new	acous-
tic	 parameters	 in	 an	 attempt	 to	 relate	 the	 firmness	 and	 the	 maturity	 of	 the	 fruit.	
Regarding	 the	 resonant	 frequencies	and	 the	 resulting	firmness	 index	 ( f2m2/3),	 two	
searching	algorithms	were	used	to	determine	the	frequency	of	maximum	amplitude	
( fmax)	and	the	first	resonant	frequency	( f1).	For	this	determination,	the	following	con-
ditions	were	set:	it	must	be	a	local	maximum,	the	amplitude	had	to	be	at	least	50%	
of	 the	maximum	amplitude,	 and	at	 least	10%	greater	 than	 the	value	of	 the	curve	
in	points	on	the	right	side,	its	value	should	be	greater	than	a	threshold	established	
experimentally	(in	this	case	200	Hz).	From	the	two	determined	resonant	frequencies,	
the	firmness	indexes	were	calculated:	FI1	and	FImax.

An	 alternative	 method	 to	 determine	 damping	 was	 proposed	 (Equation	 [8.30]).	
The	value	of	damping	ζ for	frequencies	fmax	and	f1	was	calculated	by	averaging	the	
values	obtained	by	applying	Equation	(8.31)	at	10	points	to	the	left	of	the	resonant	
frequency.	Equation	(8.30)	 is	 the	expression	of	 the	damping	in	resonant	peak	fre-
quencies	based	on	the	amplitude	equal	to	half	the	maximum	amplitude	peak.
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Equation	(8.31)	is	the	expression	of	the	damping	in	a	resonant	peak	in	terms	of	the	
relationship	between	frequency	ω	of	the	peak	and	the	resonant	frequency,	and	their	
respective	amplitudes.
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In	these	expressions,	ωn	is	the	value	of	the	resonant	frequency,	ω´	is	the	relationship	
ω/ωn,	H	is	the	amplitude	at	ω,	and	Hm	is	the	amplitude	of	the	resonant	peak.

This	study	also	introduced	a	parameter	called	the	centroid	of	the	frequency	spec-
trum,	which	is	calculated	according	to	Equation	(8.32).
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This	parameter	is	easy	and	fast	to	compute,	which	gives	potential	in	applica-
tions	requiring	high	speed.	In	addition,	it	does	not	depend	on	specific	resonance	
frequencies,	 but	 encompasses	 the	 spectrum	 of	 information	 as	 a	 whole,	 which	
might	be	of	interest	in	samples	containing	numerous	asymmetric	resonant	peaks	
close	together.

The	experimental	design	was	made	up	of	several	lots	of	avocados	from	two	dif-
ferent	varieties:	The	fruits	were	tested	on	the	day	of	harvest,	and	after	a	period	of	18	
days	under	refrigeration	(4°C	and	80%	RH);	then	the	fruits	were	measured	every	day	
for	6	days	to	check	the	shelf	life.

In	the	process	of	ripening	of	avocados,	variations	in	the	resonant	frequencies	with	
maximum	amplitude	were	observed,	so	not	always	the	same	frequency	fn presented	
the	maximum	amplitude	of	the	spectrum.	This,	of	course,	affects	the	calculation	of	
the	firmness	index	based	on	the	fmax:	erratic	tendencies	were	seen	in	the	parameter	
value.	 During	 maturation	 it	 is	 important	 to	 keep	 track	 of	 the	 same	 resonant	 fre-
quency,	which	was	demonstrated	by	using	the	f1	in	the	calculation	of	the	firmness	
index,	which	showed	a	steady	decline	in	its	value	over	the	days	of	shelf	evolution.	
The	damping	increased	during	the	shelf	life	of	fruits.

The	correlations	between	the	maximum	penetration	force	and	the	acoustic	param-
eters	based	on	f1,	were	higher	than	those	for	fmax	parameters:	between	0.695	and	0.778	
and	between	0.58	and	0.72,	respectively.	The	best	correlation	of	the	penetration	force	
was	obtained	with	the	centroid	of	frequencies	(0.806).

Despite	 having	 defined	 all	 the	 parameters	 described	 in	 the	 preceding	 para-
graphs,	the	author	uses	only	the	stiffness	coefficient	( f2m2/3)	in	one	of	his	last	works	
(Shmulevich,	2003)	 to	analyze	 the	capabilities	of	 the	device	developed	 in	mango,	
avocados,	melons,	and	nectarines,	and	to	compare	it	with	two	prototypes	designed	
by	 the	 Sinclair	 company.	 Both	 systems	 recorded	 the	 response	 to	 a	 low-intensity	
impact	with	a	sensor	element.	The	first	of	Sinclair	devices	has	a	small	pendulum	
to	produce	excitation;	in	the	other	(Sinclair	IQTM	Firmness	Tester)	the	sensor	ele-
ment	is	placed	inside	a	bellows	that	expands	to	impact	the	test	point	in	the	sample.	
Through	a	system	of	acquisition	and	signal	analysis,	Sinclair	indexes	are	generated:	
TIQ	and	SIQ	respectively.

Other	measurements	were	performed	as	references	to	characterize	the	state	of	the	
samples:	compression	between	parallel	plates	for	determining	the	apparent	modu-
lus	E	–	(ASAE	Standard	S368.3)	and	penetration	of	the	pulp	according	to	species.	
Good	correlations	were	obtained	between	the	Sinclair	SIQ	index	and	the	modulus	
(R greater	than	0.7	in	all	species).	The	coefficient	of	firmness	( f2m2/3)	was	correlated	
with	 the	 Sinclair	 indexes	 (R between	 0.81	 and	 0.99).	 A	 multisensor	 classification	
system	that	incorporates	a	firmness	index	and	the	Sinclair	SIQ	index	was	proposed,	
which	improved	the	results	of	each	device.

8.2.2.6  Band Magnitude as an Acoustic Parameter Used in Analysis
Another	system	in	which	piezoelectric	sensors	were	implemented	as	signal	receiving	
elements	was	employed	by	Zhang	et	al.	(1994).	They	compared	the	results	with	the	
acoustic	device	described	by	Farabee	and	Stone	(1991)	(explained	in	more	detail	in	
Section	8.2.3.3.)	and	the	results	of	a	drop	test	with	the	traditional	parameters	charac-
terizing	the	firmness	of	peaches,	such	as	background	color	through	the	Hunter	Lab	
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color	space,	in	which	the	“a”	coordinate	ranges	from	values	for	green	and	positive	
values	for	red,	and	firmness	Effegi.	The	impact	test	parameters	in	free	fall	were	ana-
lyzed:	time	of	contact,	relationship	between	maximum	force	and	time	of	maximum	
force,	and	absorbed	energy.

The	 relationship	 between	 the	 amplitude	 of	 the	 second	 and	 the	 first	 peak	 was	
obtained	from	the	acoustic	signal	on	the	domain	of	time,	thus	making	an	approach	to	
the	damping	coefficient.	From	spectrum	(obtained	by	applying	the	FFT)	the	param-
eter	BM80-130,	band magnitude,	was	extracted,	calculated	by	summing	the	spec-
trum	magnitudes	contained	between	80	and	130	Hz	and	dividing	by	the	sum	of	the	
magnitudes	of	the	spectrum	contained	between	0	and	500	Hz.	BM	values	are	thus	
proportional	to	the	energy	content	between	these	frequencies.

All	 measured	 parameters	 showed	 a	 decrease	 over	 time	 in	 the	 laboratory	 (two	
days),	but	 the	percentage	of	variation	was	different	 for	 each	variable	and	variety,	
with	the	Effegi	firmness	being	the	parameter	with	the	highest	percentage	of	variation	
between	day	0	and	day	2.	Both	impact	parameters	in	freefall,	as	those	for	the	acous-
tic	test,	showed	a	wide	range	of	values	of	correlation	with	Effegi	firmness	(r	ranged	
from	0.68	to	0.89).	Differences	occur	depending	on	the	variety	studied.	Effegi	firm-
ness	turned	out	to	be	the	most	sensitive	parameter	to	changes	in	firmness,	and	also	
proved	to	be	the	parameter	with	greater	variations	within	a	single	fruit.

Stone	et	al.	(1998)	reapplied	the	device	of	Farabee	and	Stone	(1991)	on	peaches	
in	order	 to	perceive	changes	 in	 the	evolution	of	firmness	 in	different	areas	of	 the	
fruit.	To	accomplish	this,	each	peach	was	beaten	on	two	locations	on	the	equator,	on	
the	suture,	on	the	flower,	and	on	the	stem,	with	8	impacts	per	fruit.	In	conducting	
these	experiments,	the	peaches	were	placed	on	a	support	with	a	curved	surface	and	
adaptable	to	the	shape	of	peach,	allowing	the	point	of	impact	to	be	matched	with	the	
center	of	the	transducer.	The	reference	parameter	used	was	destructive	Effegi	firm-
ness	at	each	of	the	8	test	points	of	each	peach.	Based	on	previous	studies,	the	only	
sound	spectrum	parameter	studied	was	the	BM150-200,	calculated	as	the	sum	of	the	
intensity	between	150	and	200	Hz	in	the	normalized	spectrum.

In	the	Cresthaven	variety,	significant	differences	between	the	locations	of	test	points	
were	observed.	The	correlations	between	the	acoustic	parameters	and	Effegi	firmness	
of	local	measures	were	less	than	0.37	for	all	locations,	rising	to	0.44	if	the	mean	values	
obtained	in	the	two	parts	of	the	equator,	the	suture,	the	flower,	or	the	stem	are	consid-
ered.	However,	 in	 the	Loring	cultivar,	variations	due	 to	 location	were	 lower	 for	both	
Effegi	firmness	and	the	acoustic	parameter;	the	correlations	between	acoustic	parame-
ters	and	reference	of	local	measures	reached	a	maximum	of	0.82	for	the	equator	location.

8.2.2.7   Comparison of Two Systems that Differ in the Element 
Sensor: Piezoelectric Sensor versus Microphone

Piezoelectric	 sensors	 and	 microphones	 have	 been	 presented	 as	 possible	 alternative	
sensor	 elements	 of	 the	 vibration	 signal	 in	 the	 design	 of	 different	 acoustic	 devices.	
Armstrong	et	al.	(1997b)	compared	the	two	systems	using	two	devices	in	studies	with	
peaches.	One	of	the	systems	used	was	described	by	Farabee	and	Stone	(1991),	which	
includes	a	piezoelectric	sensor;	the	other	system	basically	consists	of	an	arm	tapping	
one	side	of	the	sample	and	a	microphone	located	opposite	the	point	of	impact.
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The	acoustic	parameters	extracted	from	the	spectra	were	the	same	for	two	devices:	
CFN50	and	BMX.	Both	types	of	variables	are	explained	in	detail	in	Section	8.2.3.3.	
to	address	these	authors’	previous	work,	the	bandwidths	associated	with	BM	param-
eters,	size-band,	are	the	same	as	those	used	by	Farabee	and	Stone	(1991).

Two	varieties	of	peaches,	Red	Haven	and	Cresthaven,	were	tested	using	the	two	
acoustic	devices	and	determining	the	strength	Effegi.	All	measurements	were	made	
twice	in	each	peach	in	points	opposite	each	other	and	at	90°	of	suture.	The	average	of	
the	two	measurements	was	the	value	adopted	for	the	characterization	of	each	unit.

Multiple	linear	regressions	between	the	variables	for	each	of	the	acoustic	devices	
and	 Effegi	 firmness	 were	 computed	 for	 each	 variety.	 All	 BM	 parameters	 were	
included	 in	 the	 regressions.	 The	 inclusion	 of	 weight	 in	 the	 regression	 functions	
slightly	improved	their	adjusted	r2.	For	both	varieties,	the	microphone	system	pro-
vided	better	results:	adjusted	r2	of	0.64	and	0.68	in	functions	where	the	weight	was	
not	included,	and	0.64	and	0.74	in	the	regressions	including	the	variable	weight.

It	could	be	said	that	the	ability	of	any	two	devices	to	reliably	predict	the	firmness	
Effegi	 is	 limited.	However,	 the	microphone	seems	 to	be	a	potential	 instrument	 to	
perform	a	preclassification	to	separate	very	hard	fruit	(>	50	N	Effegi)	and	very	soft	
fruit	(<20	N).

8.2.3  internal Quality of Watermelons

Knowledge	of	the	textural	characteristics	of	the	pulp	of	the	watermelon	before	cut-
ting	the	fruit	has	been	a	concern	of	many	researchers	for	decades.	Special	attention	
has	been	paid	to	this	fruit	with	respect	to	the	acoustic	techniques.

Clark	 (1975)	 related	 the	 acoustic	 properties	 of	 whole	 fruit	 with	 the	 Magness-
Taylor	firmness	of	the	pulp.	The	watermelon	was	hit	by	an	arm	at	4	points	around	
the	equator;	for	each	hit,	two	signals	were	recorded	by	two	sound-level	meters,	one	
on	 the	side	opposite	 the	 impact	and	another	on	 the	same	side	as	 the	 impact.	The	
parameters	extracted	from	this	test	were	the	damping	time	of	the	signal	transmitted	
through	the	fruit	(TT)	and	the	damping	time	of	the	reflected	signal	(TR).	The	correla-
tion	coefficients	between	the	damping	times	and	Magness-Taylor	firmness	was	less	
than	0.2.

8.2.3.1  Signal Collecting with an Accelerometer
Sasao	(1985)	developed	an	experiment	on	growing	watermelons	(on	plant).	During	
the	fruit	development	(from	day	20	after	pollination	until	57	days	after	pollination),	
acoustic	vibration	measurements	were	taken.	The	watermelon	was	placed	on	a	rub-
ber	ring;	it	was	excited	by	an	impact	and	vibration	response	was	collected	with	an	
accelerometer	at	the	point	diametrically	opposite	to	the	excitation	point.	The	evolu-
tion	of	weight	was	regularly	monitored.	In	 the	sample	tested,	consisting	of	water-
melons	of	 the	 same	variety,	3	groups	were	distinguished	according	 to	 the	weight	
gain	 recorded	between	20	and	40	days	after	pollination.	The	first	group	 included	
watermelons	whose	weight	increased	2.5	kg	in	that	period	(50%),	the	second	group	
varied	from	3.5	to	4	kg	(30%),	and	the	third	group	(20%)	the	ranged	from	5	to	6	kg.	
This	classification	is	of	interest	in	observing	the	evolution	of	frequency	spectra	of	
each	group.	The	group	with	less	weight	gain	showed	a	spectrum	in	which	the	first	
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resonant	 frequency	decreased	from	207	 to	162	Hz;	 in	 the	 last	days	of	monitoring	
(days	41–57)	a	second	resonant	frequency	around	225	Hz	was	observed;	that	is	the	
frequency	of	maximum	amplitude	on	the	last	day.	In	the	other	two	groups,	although	
you	can	see	a	decreasing	trend	in	the	first	resonant	frequency	(from	176	Hz	and	188	
Hz,	respectively	to	102	Hz),	from	days	41	and	34,	the	spectra	become	more	irregular,	
and	other	peaks	appear	with	higher	amplitude	than	the	first	resonant	frequency.	The	
proliferation	of	resonant	peaks	(irregular	spectrum)	is	related	to	the	appearance	of	
holes	and	internal	cracks.

8.2.3.2  Signal Collecting with a Microphone
Yamamoto	et	al.	(1980)	presented	a	nondestructive	technique	for	measuring	the	tex-
tural	quality	of	apples	and	watermelons,	based	on	the	acoustic	properties	of	these	
products.	The	advantage	lay	in	the	fact	of	using	a	microphone	located	a	few	millime-
ters	from	the	surface	of	the	sample,	instead	of	an	accelerometer	attached	to	it.

The	mechanism	impactor	consisted	of	a	pendulum	with	a	wooden	ball	on	the	end.	
A	condenser	microphone	was	positioned	at	180	degrees	from	the	point	of	impact,	
and	transmitted	the	signal	to	an	amplifier.	The	power	spectrum	is	calculated	by	FFT.	
During	the	test,	the	watermelons	were	placed	on	a	hard	flat	surface	due	to	the	dif-
ficulty	of	 suspending	 them	by	 their	heavy	weight.	The	samples	were	subjected	 to	
different	periods	of	storage,	after	which	they	were	measured.	Sensory	evaluation	and	
determination	of	Magness-Taylor	firmness	were	performed	as	reference	tests.

In	watermelons,	the	spectra	showed	a	high	number	of	frequency	peaks.	The	fre-
quencies	of	these	peaks	(considered	the	first	three)	had	good	reproducibility.	It	was	
a	negative	correlation	between	weight	and	peak	frequencies,	so	the	parameters	pro-
posed	by	other	authors	to	correct	this	influence	were	applied.	Table 8.2	shows	these	
different	firmness indexes.

All	 acoustic	 parameters	 were	 very	 poorly	 correlated	 with	 the	 Magness-Taylor	
firmness	test	and	on	the	order	of	0.7	to	the	sensory	evaluation	of	firmness.

8.2.3.2.1  Using the Speed of Propagation of the Disturbance 
as an Acoustic Parameter Classification

In	 the	 work	 of	 Hayashi	 and	 Sugiyama	 (2000),	 watermelon	 and	 pineapple	 are	
included.	According	to	the	three-dimensional	representations,	the	authors	identi-
fied	transmitted	waves	through	the	surface	and	other	waves	transmitted	internally;	
it	 is	 the	speed	of	 the	internally	transmitted	waves	that	 is	related	to	the	firmness	

TABLE 8.2
Definition of the Different Firmness Indexes Based 
on the Resonant Frequencies and Their Authors

Authors Index

Abbott	et	al.	(1968);	Finney	(1971,	1972) mf2

Cooke	(1972) m2/3ρ1/3f2

Yamamoto	(1980) m2/3f2
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of	watermelon.	A	disruption	of	these	internal	waves	was	observed	in	watermelon	
with	cracked	pulp.	The	first	part	of	 the	 time	signal	 is	 the	zone	 that	 is	 identified	
with	the	transmission	of	disturbance	through	the	internal	part	of	the	sample	(time	
<5	ms).

8.2.3.3  Signal Collecting with a Piezoelectric Sensor
Farabee	and	Stone	(1991)	designed	and	developed	a	response	to	the	impact	sensor	
for	watermelons	with	the	aim	of	providing	a	nondestructive	method	for	determin-
ing	maturity.

It	is	important	to	have	reference	methods	in	these	works	that	allow	us	to	see	the	
virtues	of	new	developments.	However,	there	are	few	references	on	destructive	deter-
mination	of	physical	properties	that	are	good	predictors	of	maturity;	some	research-
ers	have	used	the	color	of	tissue	inside	the	watermelon,	sugar	content,	firmness,	and	
thickness	of	the	cortex	(measured	as	the	thickness	of	the	outer	white	ring	in	a	cross-
sectional	or	longitudinal	cut	of	the	fruit).	These	references	were	considered	by	the	
authors	as	indications	of	maturity.

The	element	 that	generates	vibration	and	the	piezoelectric	sensor	for	 the	regis-
tration	of	the	vibration	were	mounted	in	a	plastic	housing.	A	solenoid	acted	as	the	
pulse	generator;	 the	piezoelectric	 sensor	sent	 the	signal	 to	an	oscilloscope,	which	
transferred	it	to	a	PC	for	analysis.

Seven	signals	were	collected	for	each	watermelon:	3	at	the	equator	of	the	water-
melon,	two	below	the	equator	(halfway	between	the	equator	and	the	flower),	and	two	
above	the	equator	(halfway	between	the	equator	and	the	stem).	The	first	1,000	points	
of	 the	signal	are	used	 to	calculate	 the	frequency	spectrum.	The	7	spectra	of	each	
watermelon	were	normalized	 to	 the	maximum	amplitude	of	energy,	and	 the	aver-
age	spectrum	characteristic	of	each	watermelon	was	calculated.	With	normalization,	
the	energy	differences	between	spectra	are	eliminated,	but	 the	energy	differences	
between	the	different	frequencies	of	the	same	spectrum	are	preserved.

The	acoustic	parameters	extracted	from	the	normalized	average	spectra	were:

•	 Frequency	band	center	narrower	containing	50%	of	the	total	energy	spec-
trum:	CFN50.

•	 Energy	contained	in	the	band	bounded	by	85	and	160	Hz	frequency,	band	
magnitude:	BM85-160.

•	 Relationship	between	the	second	and	third	highest	peaks	of	 the	signal	at	
the	 time	(an	approach	used	by	Clark	(1975),	who	observed	a	relationship	
between	signal	attenuation	and	 the	 ripeness	of	watermelon,	estimated	by	
the	color	of	the	flesh).

•	 Resonant	frequencies;	parameters	that	had	been	successful	in	determining	
the	state	of	firmness	of	apples	and	peaches.

The	best	correlation	coefficients	were	obtained	between	the	refractive	index	(soluble	
solids)	and	spectral	parameters	CFN50	and	BM85-160:	0.67	and	0.56,	respectively.

Multiple	 regressions	 were	 used	 to	 calculate	 prediction	 models	 of	 parameters	
CFN50	and	BM85-160	in	terms	of	destructive	measurements.	The	regression	equa-
tion	with	the	highest	correlation	(0.734)	was	the	CFN50	calculated	according	to	the	
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refractive	index	and	the	firmness,	measured	as	the	slope	of	the	linear	region	of	the	
curve	obtained	in	a	Magness-Taylor	penetration	of	8	mm.	The	introduction	of	the	
weight	of	the	samples	in	regressions	did	not	improve	the	models,	which	suggests	that	
the	spectral	parameters	used	are	independent	of	sample	weight.

The	 studies	 explained	 in	 the	 preceding	 paragraphs	 were	 also	 performed	 in	 13	
seedless	watermelons	corresponding	to	a	variety	that	differs	substantially	in	shape	
and	size	from	the	range	studied	in	the	heart	of	the	investigation;	it	is	larger	and	elon-
gate,	while	the	seedless	watermelon	is	of	a	more	spherical	shape.	However,	the	most	
significant	 regressions	 obtained	 reinstated	 the	 refractive	 index	 and	 the	 Magness-
Taylor	slope	as	 independent	variables	 to	predict	CFN50	and	BM85-160,	with	cor-
relation	coefficients	above	0.8,	so	that	shape	and	weight	did	not	appear	to	reduce	the	
effectiveness	of	these	two	parameters.

Both	CFN50	as	BM85-160	showed	good	prospects	as	parameters	to	predict	the	
state	 of	 ripeness	 of	 watermelons,	 but	 the	 simplicity	 of	 calculating	 the	 BM85-160	
makes	it	suitable	for	possible	application	in	control	systems.

The	same	equipment	was	used	to	determine	the	ripeness	of	watermelons	in	the	
field	(Stone	et	al.,	1996).	The	influences	of	different	support	bases	during	the	execu-
tion	of	the	acoustic	measurement	were	considered:	the	bed	of	earth	where	the	water-
melon	grew	(watermelon	still	attached	to	the	plant),	a	wooden	frame	of	2	cm	×	25	cm	
×	50	cm	(watermelon	separated	from	the	plant).

Stone	et	al.	extracted	a	greater	number	of	parameters	to	characterize	the	normal-
ized	frequency	spectrum:	CFN50	and	7	different	BMX.	Each	BM	(band	magnitude)	
is	calculated	by	adding	the	magnitudes	between	x	and	y	frequencies	in	the	normal-
ized	spectrum	and	dividing	this	sum	by	the	sum	of	the	magnitudes	of	the	spectrum	
between	0	and	500	Hz.	The	parameters	studied	were:	BM85-160,	BM40-90,	BM60-
110,	BM70-120,	BM80-130,	BM100,	and	BM120-180-200.

The	acoustic	tests	were	conducted	in	three	different	locations	of	the	fruit	within	
the	central	area.	The	analysis	of	variance	performed	showed	no	significant	differ-
ences	at	the	5%	level	different	locations.	However,	the	differences	were	significant	
between	the	acoustic	measurements	made	with	different	supports.

The	results	were	different	for	different	varieties	studied.	In	general,	the	correla-
tions	between	destructive	measurements	of	maturity	(flesh	color,	soluble	solids	con-
tent,	and	Effegi	firmness)	were	poor,	which	could	be	explained	considering	that	these	
relationships	are	dependent	on	variety	and	a	single	parameter	cannot	be	used	as	a	
good	reference	of	maturity	in	all	varieties.

Even	the	best	correlations	between	acoustic	parameters	and	a	single	destructive	
reference	parameter	not	were	high	enough	to	think	of	them	as	reliable	predictors	of	
the	state	of	firmness.	The	acoustic	parameter	BM40-90	showed	the	highest	correla-
tion	with	sugar	content	and	color	(0.494	and	0.636),	and	this	result	was	reasonably	
consistent	with	the	two	supports	 tested.	By	contrast,	 in	some	varieties,	 the	results	
between	 the	 different	 supports	 were	 not	 coincident,	 indicating	 the	 importance	 of	
support	in	the	resonant	response	of	a	body.

These	acoustic	parameters	were	used	to	establish	the	relationship	between	them	
and	 the	 level	 of	 hollow	 heart	 in	 watermelons.	 In	 this	 study,	 the	 wooden	 support	
was	used	for	implementation	of	the	acoustic	test.	Watermelons	were	divided	into	4	
groups	based	on	the	level	of	hollowness	by	visual	inspection:	watermelons	without	
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hollowness	were	level	0,	high	volume	of	hole	were	level	4.	For	the	Queen	of	Hearts	
variety	(n	=	60),	the	parameter	BM60-110	showed	the	best	correlation	with	the	level	
of	hollowness	(0.584),	but	for	the	Black	Diamond	variety,	BM80-130	was	the	most	
well-correlated	parameter	with	a	hollowness	level	(0.784).

The	same	authors	(Armstrong	et	al.,	1997a),	years	later	returned	to	the	Farabee	
device	to	evaluate	its	ability	to	detect	internal	bruises	in	watermelons.	Different	
levels	of	bruising	in	the	fruit	were	achieved	with	free-falling	of	samples	from	a	
height	of	25	cm	onto	a	hard	surface	repeatedly	(up	to	5	times).	The	acoustic	and	
compression	 testing	up	 to	2.5	cm	between	parallel	plates	 (nondestructive	mea-
surements)	were	repeated	before	inflicting	any	damage	to	the	fruit	and	after	each	
fall.	 In	 the	 compression	 test,	 the	 watermelon	 was	 placed	 with	 the	 stem-flower	
line	horizontal.

From	the	compression	 test,	 two	variables	were	studied:	maximum	force	 to	2.5	
cm	and	the	slope	of	the	stress–strain	curve.	Both	variables	decreased	with	increases	
in	the	level	of	a	particular	fruit	bruise.	However,	means	of	all	watermelons	tested	
for	each	bruised	level	were	not	significantly	different	from	each	other,	reducing	the	
value	of	these	parameters	as	criteria	for	the	classification	of	the	watermelons	in	terms	
of	their	internal	state.	The	acoustic	parameters	extracted	from	the t	were	the	same	as	
those	defined	by	Stone	(1996).	The	best	model	to	estimate	the	slope	of	compression	
from	acoustic	parameters	 (r2	=	0.7)	was	a	multiple	 linear	regression	 that	 included	
BM60-110,	 BM70-120,	 BM80,	 and	 BM120-130-200	 as	 dependent	 variables.	 Both	
the	acoustic	and	compression	settings	were	only	effective	in	resolving	major	differ-
ences	in	the	internal	state	of	watermelons.

Waveband	 magnitude	 parameters,	 obtained	 by	 summing	 the	 magnitude	 of	 the	
spectrum	between	two	frequencies	in	a	specified	band	width	have	been	also	applied	
in	devices	including	a	microphone	as	a	recording	signal	system	(Diezma-Iglesias	et	
al.,	2004;	Diezma-Iglesias	et	al.,	2006).

8.3   OTHER APPLICATIONS OF SOUND FOR THE 
DETERMINATION OF QUALITY IN FOOD PRODUCTS

The	analysis	of	the	vibrational	response	to	a	nondestructive	impact	has	been	applied	
to	other	food	products.

8.3.1   surface crack Detection in eggs using the 
imPact acoustic resPonse techniQue

This	 technique	has	been	 tried	 to	solve	 the	serious	problem	of	detecting	cracks	 in	
eggs.	Coucke	et	al.	(1999)	calculated	the	dynamic	stiffness	of	each	egg	and	set	the	
relationships	between	this	parameter	and	other	geometric	and	physical	parameters	
that	 characterized	 the	 product.	 A	 modal	 analysis	 previously	 showed	 a	 spheroidal	
mode	of	vibration	at	lower	resonant	frequency;	the	points	of	excitation	and	collec-
tion	of	the	signal	were	fixed	at	the	equator	of	the	eggs	spaced	180	degrees,	so	that	
the	system	was	optimized	for	the	collection	of	the	spheroidal	mode.	The	excitation	
mechanism	 was	 a	 manual	 impact	 of	 low	 intensity;	 a	 microphone,	 located	 at	 few	
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millimeters	from	the	surface	of	the	sample,	picked	up	the	signal.	The	first	resonant	
frequency	occurred	at	around	3,600	Hz.

To	set	the	correction	factor	to	compensate	for	the	effect	of	mass	differences	in	
resonant	 frequencies,	 it	 is	 assumed	 that	 the	 dynamic	 behavior	 of	 the	 egg	 can	 be	
expressed	as	a	linear	mass-spring	system.	The	motion	of	the	system	can	be	written	
in	the	second-order	differential	equation	shown	as	Equation	(8.33):

	 m d x t
d

k x t f t. ( ) . ( ) ( )
2

2 + = 	 (8.33)

where	t	is	time,	x	(t)	is	the	displacement	of	mass	along	the	x	axis,	m	is	the	mass	of	the	
spring,	spring	stiffness	K	(N/kg)	and	f	(t)	is	the	external	force	applied.	If	f	(t)	is	0,	the	
solution	of	this	equation	can	be	written	as	given	by	Equation	(8.34):

	 x(t)	=	A	cos(ωt	+	φ)	 (8.34)

where	A	 is	the	amplitude	of	the	periodic	signal,	ω is	the	natural	frequency,	and	ϕ 
is	the	phase	at	the	start	of	the	vibration.	Substituting	Equation	(8.34)	into	Equation	
(8.33)	we	obtain	Equation	(8.35):

	 ω π= =2 f K
m
din 	 (8.35)

So,	knowing	the	f	(resonant	frequency)	and	the	mass,	Kdin	(dynamic)	for	each	egg	
was	calculated.	Kest	 (static)	was	determined	using	a	compression	test	between	two	
parallel	plates.	Both	constants	were	compared	and	correlated.	There	was	good	cor-
relation	between	Kdin and	Kest (0.71);	Kdin was	related	to	the	thickness	of	the	shell	at	
the	equator,	and	the	egg	shape	was	expressed	as	a	ratio	between	the	minor	axis	and	
major	axis	of	the	egg.

In	a	later	paper,	De	Ketelaereet	et	al.	(2000)	studied	the	procedures	for	detecting	
cracks	in	the	eggshell	and	the	parameters	and	thresholds	for	classification.	The	test-
ing	device	in	this	case	used	a	microphone	near	the	point	of	impact.	On	the	motion	
that	describes	the	first	spheroidal	vibration	mode,	any	of	the	following	locations	of	
the	microphone	with	respect	to	the	impact	point:	0°,	90°,	180°,	and	270°	are	opti-
mum.	 If	 using	 the	 device	 for	 on-line	 classification,	 the	 best	 option	 would	 be	 the	
location	at	0°.

Each	egg	was	hit	and	measured	at	4	points	on	the	equator,	90°	apart.	Eggs	with-
out	discontinuities	in	the	shell	had	a	higher	level	of	similarity	between	the	spectra	
corresponding	to	the	4	impacts.	The	first	resonant	frequencies	corresponding	to	the	
spheroidal	mode	in	these	eggs	ranged	from	3,000	Hz	to	6,000	Hz,	and	the	amplitude	
of	the	resonant	peak	values	showed	a	range	of	about	a	factor	of	20.	Cracked	eggs	
showed	 spectra	 with	 higher	 differences	 between	 them.	 To	 identify	 cracked	 eggs,	
spectra	 were	 compared	 2	 to	 2	 between	 the	 4	 spectra	 obtained	 from	 an	 egg.	 The	
relevant	parameter	to	characterize	and	classify	an	egg	was	the	lowest	Pearson	cor-
relation	 coefficient	 obtained	 in	 comparisons	 of	 the	 spectra.	 A	 threshold	 of	 0.9	 in	
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the	correlation	coefficient	optimized	the	detection	of	cracks	(90%	of	cracked	eggs	
are	 rejected)	but	gives	 the	worst	 levels	of	 false	 rejection	 (sound	eggs	classified	as	
cracked,	1.16%).	The	threshold	of	minimum	correlation	coefficient	can	be	modified	
to	meet	the	requirements	of	the	potential	user	of	the	device.

In	order	to	determine	on-line	the	static	stiffness	as	a	characteristic	quality	of	eggs,	
some	works	(De	Ketelaere	and	De	Baerdemaeker,	2000;	De	Ketelaere	et	al.,	2000;	
De	Ketelaere	et	al.,	2003)	propose	a	multivariate	model	that	includes	dynamic	stiff-
ness	(determined	by	the	method	of	acoustic	response	to	the	impact),	damping	signal,	
and	an	index	defined	as	the	ratio	of	the	major	axis	to	the	minor	axis.	An	alternative	
procedure	for	estimating	the	resonant	frequency	and	damping	of	the	signal	was	pro-
posed,	which	is	not	based	on	the	FFT	algorithm.	Research	has	shown	that	obtaining	
the	frequency	spectrum	using	the	FFT	does	not	result	in	very	accurate	estimators	
when	short	time	signals	are	involved.	In	general,	constructing	the	frequency	spec-
trum	using	an	FFT	can	be	regarded	as	a	way	to	reconstruct	the	power	distribution	of	
a	time	signal	as	a	function	of	the	frequency.	In	general,	the	parameters	of	interest	are	
the	resonant	frequency	and	the	corresponding	damping	of	the	vibration,	rather	than	
the	whole	energy	distribution	over	all	frequencies	up	to	the	Nyquist	frequency	(spec-
tral	line	estimation).	Starting	from	the	frequency	spectrum,	the	resonant	frequency	
is	calculated	as	the	frequency	with	the	largest	power.	The	frequency	resolution	of	the	
frequency	spectrum	is	set	by	the	ratio	between	the	sample	frequency	and	the	number	
of	points	in	the	time	signal.	It	is	clear	from	this	relation	that	highly	damped	specimens	
give	rise	to	a	low-frequency	resolution.	Altering	the	sample	frequency	has	no	effect	
on	the	resolution,	since	it	also	alters	the	number	of	points	in	the	time	domain.	Since	
an	impact	is	used	as	the	excitation	method,	there	is	no	way	to	increase	the	number	of	
relevant	points	in	the	time	signal:	the	length	is	a	characteristic	of	the	specimen	under	
study.	So,	the	only	way	to	enlarge	the	number	of	points	without	changing	the	energy	
content	of	the	time	signal	is	to	adopt	zero	padding.	Indeed,	in	this	way	the	denomi-
nator	of	the	equation	becomes	larger,	giving	a	better	resolution	(De	Ketelaereet	al.,	
2003).	Due	 to	 those	drawbacks	of	 the	FFT,	another	method	was	proposed	 to	find	
robust	and	high-resolution	estimators	of	the	resonant	frequency	and	damping.	High-
resolution	 estimators	 distinguish	 themselves	 from	 low-resolution	 estimators	 (such	
as	the	FFT)	by	the	fact	that	their	aim	is	not	to	construct	the	power	distribution	of	a	
given	time	signal	over	all	frequencies.	Instead,	their	aim	is	to	find	precise	knowledge	
about	one	line	in	a	given	spectrum	(spectral	line	estimation).	The	term	high resolu-
tion	is	justified	since	they	are	able	to	resolve	spectral	lines	separated	in	frequency	f	
by	less	than	1/N	cycles	per	sampling	interval,	which	is	the	resolution	limit	for	clas-
sical	FFT.	High-resolution	estimators	exploit	an	exact	parametric	description	of	the	
signal	(in	this	case	a	damped	cosine).	In	the	impulse–response	measurements	taken	
for	the	nondestructive	quality	assessment,	this	parametric	form	is	easily	derived	by	
solving	the	equation	of	motion	for	a	mass–spring–damper	system,	which	leads	to	the	
parametric	form	of	a	damped	cosine.	In	this	study,	the	simplification	toward	a	single	
degree-of-freedom	system	is	made,	since	the	setup	is	optimized	in	such	a	way	that	
only	the	first	modal	shape	is	encountered	in	the	response.	The	response	follows	the	
parametric	expression	of	a	damped	cosine	shown	in	Equation	(8.36):

	 sn	=	α	cos(ωn	+	φ)e–δn	 para	n	=	1.....N	 (8.36)
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where	N	is	the	number	of	points	earned.	In	the	simplification	of	the	system	to	a	single	
degree	of	freedom,	it	is	assumed	that	the	device	optimized	to	collect	the	signal	is	
only	one	mode	of	vibration	(as	modal	analysis	is	required	in	advance).	Denoting	the	
noise	term	by	z,	 the	acquired	signal	y	 is	 the	sum	of	the	parametric	forms	and	the	
noise	z	(Equation	[8.37]):

	 yn	=	sn	+	zn	 para	n	=	1.....N	 (8.37)

The	determination	of	the	unknown	parameters	that	minimize	Equation	(8.38)	is	
the	way	of	estimating	the	spectral	line,	ω,	A,	ϕ	and	δ	are	the	frequency,	the	ampli-
tude,	the	phase,	and	the	damping,	respectively.
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A	 principal	 component	 analysis	 showed	 that	 the	 information	 provided	 by	 the	
resonant	frequency	calculated	by	either	method	was	the	same,	which	does	not	sup-
port	 the	 criticisms	made	by	 the	 authors	with	 respect	 to	determining	 the	 resonant	
frequency	 from	 the	 FFT.	 However,	 the	 damping	 itself	 differed	 significantly.	 It	 is	
shown	that	the	damping	determined	by	high-resolution	estimation	is	the	major	factor	
in	explaining	eggshell	strength.

Surface	crack	detection	in	eggs	was	also	the	main	objective	of	the	work	of	Cho	
and	Choi	(2000),	which	developed	an	experimental	device	in	which	each	egg	was	
impacted	4	times,	twice	in	the	area	at	the	ends	of	the	egg.	The	criteria	for	segregation	
between	eggs	with	cracks	on	the	surface	and	intact	eggs	were	based	on	a	series	of	
measures	from	the	frequency	spectrum	such	as	area	under	the	curve	of	the	spectrum	
from	0	to	10	kHz,	coordinates	of	the	centroid	of	the	spectrum	area,	and	resonant	fre-
quency.	It	was	noted	that	the	signals	on	the	time	and	frequency	domain	correspond-
ing	to	a	cracked	egg	differed	from	each	other	significantly,	while	the	curves	in	intact	
eggs	showed	a	higher	degree	of	 similarity.	The	decision	 rule	 for	 identifying	eggs	
with	a	cracked	surface	was	generated	by	discriminant	analysis,	including	the	aver-
age	area	of	the	spectra	of	the	4	impacts,	average	of	the	coordinates	of	the	centroids,	
difference	between	 the	maximum	and	minimum	x-coordinate	of	 the	centroid,	 the	
difference	between	the	extreme	values	of	the	y-coordinate	of	the	centroid,	and	the	
average	of	the	resonant	frequencies.	It	achieved	a	level	of	success	of	90%.

The	monitoring	of	cheese	maturity	has	also	been	the	object	of	study	by	acoustic	
impulse	 response.	 Acoustic	 parameters	 extracted	 from	 spectra	 computed	 by	 FFT	
have	been	compared	with	 textural	parameters	measured	by	 traditional	 instrumen-
tal	methods.	The	 impact	 setup	 consisted	of	 a	 free-falling	 impact	 probe;	 a	micro-
phone	was	located	at	the	same	face	as	the	impact	point.	For	the	whole	spectrum,	the	
momentum	M0,	the	momentum	M1,	the	central	frequency	DF,	and	the	variance	Var,	
were	calculated	for	the	interval	ranging	from	10	to	70	Hz	and	from	70	to	400	Hz,	and	
are	shown	in	Equations	(8.39),	(8.40),	and	(8.41):
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where	f is	the	frequency	and	X( f)	is	the	amplitude.	Changes	in	the	frequency	spectra	
took	 place	 as	 cheese	 matured,	 increasing	 higher	 frequencies	 and	 energy	 content.	
Multiple	linear	regression	(MLR)	and	partial	least	squares	regression	(PLSR),	con-
sidering	 the	acoustical	variables	extracted	 from	the	spectrum,	allowed	for	a	good	
estimation	of	cheese	texture.	The	textural	characteristics	of	the	cheese	surface,	and	
in	particular	the	maximum	force	in	compression	experiments	(R2	>	0.937	for	MLR	
and	R2	>	0.852	for	PLSR)	were	accurately	predicted	by	the	acoustic	method;	how-
ever,	the	texture	of	the	central	layers	of	the	cheese	were	poorly	assessed	(R2	<	0.720)	
(Benedito	et	al.,	2006;	Conde	et	al.,	2007).

8.3.2   Determination of textural ProPerties of Different 
fooDs by the sounD ProDuceD in mastication

The	 textural	properties	of	 food	are	used	as	key	factors	 in	 the	acceptability	of	 the	
product.	 These	 properties	 are	 perceived	 by	 the	 consumer	 through	 a	 combination	
of	visual,	 tactile,	 and	auditory	 sensations	 (Duizer,	2001).	The	 sound	produced	by	
chewing	some	foods	has	been	studied	for	information	about	their	texture.	Various	
procedures	of	acquisition	of	sound	have	been	presented	by	different	researchers	and	
for	different	applications:	a	microphone	in	front	of	the	mouth	of	the	individual	who	
is	chewing	the	sample	(Vickers	and	Bourne,	1976),	a	microphone	placed	over	 the	
ear	canal	(Vickers,	1981;	Vickers,	1983;	De	Belie	et	al.,	2003),	a	microphone	on	the	
cheek	near	the	jaw	angle	(Lee	et	al.,	1988),	or	a	microphone	placed	in	the	ear	canal	
on	the	side	on	which	the	sample	is	chewed	(De	Belie	et	al.,	2000b).

Any	of	the	techniques	used	may	provide	an	empirical	measure	of	the	difference	
between	textures	of	food	samples.	In	spite	of	this,	there	are	some	difficult	problems	
to	solve	in	technology.	The	soft	structures	of	 the	mouth	tend	to	dampen	high-fre-
quency	sounds	(Vickers,	1991),	possible	interference	between	chewing	movements	
in	general	and	the	specific	sound	of	 the	crunching	of	 the	food	can	occur,	and	the	
frequencies	of	the	sounds	of	the	opening	movement	of	the	mouth	have	been	located	
at	around	160	Hz	(Drake,	1963;	Kapur,	1971).
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Different	 parameters	 have	 been	 used	 to	 judge	 the	 sound	 of	 chewing,	 such	 as	
amplitude	 of	 the	 signal	 in	 time	 (Drake,	 1965)	 and	 intensity	 in	 defined	 frequency	
ranges	(Drake,	1965;	Seymour	and	Hamann,	1988).

(De	Belie	et	al.,	2000b)	observed	that	the	Royal	Gala	apple	amplitudes	between	
700	and	900	Hz,	and	t	between	1200	and	1400	Hz	were	due	to	the	general	move-
ment	of	mastication	and	that	the	amplitudes	near	4000	Hz	were	related	to	the	first	
bite	to	the	sample.	According	to	these	authors,	combining	the	information	contained	
in	different	spectrum	bands	could	produce	a	good	correlation	with	sensory	evalua-
tions.	However,	the	significant	frequencies	in	the	analysis	were	found	to	be	different	
for	each	consumer,	making	it	difficult	to	use	a	combination	of	frequency	bands	as	a	
parameter	for	measuring	crispiness.

In	a	further	attempt	to	use	this	technique	to	distinguish	apples	of	different	tex-
tures,	mealiness	was	induced	in	Cox’s	Orange	Pippin	apples	by	storage	times	and	
conditions	causing	the	disorder.	Mealiness	implies	a	loss	of	crispiness	without	caus-
ing	an	appreciable	loss	of	moisture.	The	recording	of	the	sounds	produced	by	chew-
ing	a	piece	of	apple	with	a	defined	shape	and	size	was	performed	by	placing	 the	
microphone	in	the	ear	canal	on	the	side	on	which	chewing	occurred.	The	sound	col-
lected	corresponds	to	the	cut	of	the	sample	with	the	incisors	and	the	successive	chews	
made	with	the	molars.	FFT	was	applied	to	this	signal	to	obtain	the	corresponding	
spectrum.	The	application	of	principal	component	analysis	reduced	the	number	of	
variables	 to	 consider	 for	 the	 generation	 of	 a	 classification	 model.	 In	 this	 study,	 3	
principal	components	explained	73%	of	the	variance	of	the	population.	Frequencies	
between	100	and	500	Hz	and	between	800	and	1100	Hz	contributed	particularly	to	
the	principal	components.	Plotting	the	values	of	the	two	first	principal	components	
for	mealy,	crisp,	and	intermediate	state	apples,	there	was	a	good	separation	of	groups	
of	extreme	characteristics.	It	was	noted	that	the	technique	is	more	related	to	the	sen-
sory	evaluation	of	the	mealiness	that	to	the	mechanical	tests.	The	development	of	a	
technique	for	determining	crispiness	requires	a	previous	calibration	for	each	person	
because	each	person	emits	different	sounds	in	the	process	of	mastication.

The	same	technique	was	applied	to	the	differentiation	of	types	of	fries	and	snacks	
(De	Belieet	al.,	2003).	The	sensitivity	of	human	hearing	is	proportional	to	the	loga-
rithm	of	the	intensity,	so	that	high	frequencies	(7000	to	8000	Hz)	may	be	important	
for	assessing	crispiness.	Therefore,	principal	component	analysis	was	applied	to	the	
logarithms	of	the	spectra	obtained	in	the	process	of	chewing	products.	A	satisfactory	
separation	of	chips	of	regular	shapes	and	uniform	appearance	was	obtained,	while	
the	less	homogeneous	samples	were	more	often	misclassified.	Again,	it	was	observed	
that	the	system	should	be	calibrated	for	each	person.
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9 Medical Diagnostic 
Theory Applied to 
Food Technology

Alejandro Arana and J. Ignacio Arana

9.1  INTRODUCTION

Diagnostic systems are all around us. They are used in military science to detect 
threats of enemies, in meteorology to predict weather conditions, in civil engineer-
ing to reveal malfunctions in buildings and factories, and in medicine to detect dis-
eases in people.

Other diagnostic systems are used to make rational selections from many objects; 
psychologists use selection algorithms to classify job or school applicants according 
to the likelihood of success, governments to evaluate fraudulent tax declarations, and 
policemen to detect criminal suspects.

In medicine, diagnosis is a main challenge. Diagnostic tests are used to discrimi-
nate between healthy and unhealthy subjects, and are of daily use because patients 
are central in clinical practice (Harrison’s Principles, 2011). The methodology to 
evaluate the accuracy and characteristics of diagnostic tests is well established in the 
medical field (Sackett et al., 1985).

Quality is of increasing importance in hortofruticultural activities. With the 
introduction of the global quality concept, it is crucial for optimal marketing 
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to evaluate each characteristic of fruit samples. Discriminant analysis has been 
used for this purpose in the past. The formal purpose of classification or dis-
criminant analysis is to assign objects to one of several groups or classes based 
on a set of measurements obtained from each object or observation. Classification 
techniques are also used informally to study the separability of labeled groups 
of observations in the measurement space (Friedman, 1989). The objective of 
discriminant analysis is to maximize group classification accuracy, but this is 
not enough when the objective is to maximize the quality of the sample (i.e., no 
unhealthy fruits in the sample). This requires individual evaluation of the fruits 
by nondestructive methods.

In this chapter we present the rationale behind diagnostic tests, their character-
istics, the standard methods used for the evaluation of those characteristics, and the 
application of these methods to the evaluation of a test meant to discriminate patho-
logical fruits from a sample.

9.2  DIAGNOSTIC TESTS IN MEDICINE

A diagnostic test is any kind of medical test performed to aid in the diagnosis or 
detection of disease. Medical tests can be as traditional as the classical physical 
examination, or may be based in the most modern technology like the positron emis-
sion tomography (PET) scan, shown in Figure 9.1.

Diagnostic tests help physicians revise disease probability for their patients. The 
physician aims to get closer to certainty when diagnosing or discarding a disease. A 
diagnostic test can be performed to establish a diagnosis in symptomatic patients; for 

FIGURE  9.1  PET scan, courtesy of Mr. F.J. Sanz and Drs. M. Garcia-Miralles and 
R. Gaston.
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example, an electrocardiogram (ECG) to diagnose myocardial infarction in patients 
with chest pain. It can also be used to screen for disease in asymptomatic patients; 
for example, a prostate-specific antigen (PSA) test to screen out prostate cancer in 
men older than 50 years. It also provides prognostic information in patients with 
established disease; for example, a CD4 lymphocyte count in patients with human 
immunodeficiency virus (HIV). It is used in therapeutics, to monitor either benefits 
or side effects of medicines; for example, measuring the international normalized 
ratio (INR) in patients taking Warfarin. Lastly, a test may be performed to confirm 
that a person is free from a condition; for example, a pregnancy test to exclude the 
diagnosis of pregnancy (Harrison’s Principles, 2011).

In medicine, the reference standard test definitively decides either presence or 
absence of a disease and it is called the gold standard test (Sackett et al., 1985). 
Examples of gold standard tests include pathological specimens for malignancies 
and pulmonary angiography for pulmonary embolism. However, gold standard tests 
routinely come with drawbacks; they are usually expensive, less widely available, 
more invasive, and riskier. These issues usually compel most physicians to choose 
other diagnostic tests as surrogates for their criterion standard test.

For example, venography, the criterion standard for vein thrombosis, is an invasive 
procedure with significant complications including renal failure, allergic reaction, 
and clot formation. These risks make venography less desirable than the alternative 
diagnostic test—venous duplex ultrasonography (Carpenter et al., 1993). There are 
instances where the gold standard test is the result of an autopsy, but it is evident 
that these test cannot be performed upon a living patient. The price most diagnostic 
tests pay for their ease of use compared to their criterion standard is a decrease in 
accuracy. How to account for this trade-off between diagnostic accuracy and patient 
acceptability will be described in this chapter.

9.3  EVALUATION OF DIAGNOSTIC TESTS

9.3.1  The ConCepT

To understand the concept of evaluation or validation of diagnostic tests, we present 
the following example. A farmer is interested in the occurrence of frost over a period 
of 10 consecutive days. During these 10 days, three days actually had frost with no 
frost on the other seven. Over the same period, on each preceding day, a TV channel 
weather forecast announced frost for six of the days. Two of the days forecasted for 
frost actually had frost. Frost was wrongly forecasted on four days, and on one of the 
days frost occurred without having been forecasted.

This information can be expressed in what is known as a two-by-two table 
(Table 9.1). Note that the “truth” (whether or not there was frost) is expressed along 
the horizontal title row, whereas the TV forecast (which may or may not reflect the 
truth) is expressed on the vertical column.

These figures, if they are typical, reflect several features of this particular forecast:

• The TV channel correctly identifies two out of every three true frost days.
• It correctly forecasts three out of every seven frost-free days.
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• If this TV channel forecasts a day with frost, there is still only a one in three 
(33%) chance that frost will actually occur.

• If this TV channel forecasts a day as frost free, there is a three in four 
chance (75%) of no frost.

• In five cases out of every 10 (50%), the TV forecast is right.

These five features constitute, respectively, the sensitivity, specificity, positive 
predictive value, negative predictive value, and accuracy of this TV channel fore-
cast’s performance.

9.3.2  CharaCTerisTiCs of a DiagnosTiC TesT

We mentioned previously that the evaluation of a diagnostic test needs to be done 
against another test that is considered to provide the truth. The diagnostic test pro-
viding the truth is denominated, in medicine, the gold standard test (Sackett et al., 
1985). In the previous example, we tested the forecasted weather conditions against 
the gold standard test, which is the registered weather.

Subjects, units of analysis, are tested against both the diagnostic test and the gold 
standard test. The results of the test are displayed in a two-by-two table (Table 9.2).

Subjects are then classified into four categories:

• True positive (a): Subject with the characteristic (disease, pathology, etc.) 
detected with the gold standard test whose test result is positive for the pres-
ence of the characteristic

TABLE 9.2
Two-by-Two Table Notation for Expressing the Results of Validation Study 
for a Diagnostic or Screening Test

Result of Gold Standard Test

Result of Diagnostic Test Disease Positive (a + c) Disease Negative (b + d)

Test positive (a + b) True positive (a) False positive (b)

Test negative (c + d) False negative (c) True negative (d)

TABLE 9.1
Two-by-Two Table Showing the Outcome of 10 Consecutive Days

True Weather

TV Forecast Frost No Frost

Frost Rightly forecasted (2 days) Wrongly forecasted (4 days)

No Frost Wrongly forecasted (1 day) Rightly forecasted (3 days)
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• False positive (b): Subject without the characteristic according to the gold 
standard test whose test result is positive for the presence of the characteristic

• False negative (c): Subject with the characteristic present according to 
the gold standard test whose test result is negative for the presence of the 
characteristic

• True negative (d): Subject without the characteristic according to the gold 
standard test whose test result is negative for it

The following five features constitute the properties of a diagnostic test:

• Sensitivity (SE): How many true positives does the procedure detect as pos-
itive? How good is the test at detecting disease?

• Specificity (SP): How many true negatives does the procedure detect as 
negative? How good is the test to detect absence of disease?

• Positive predictive value of the positive result: How many of the tested 
positives are true positives? How reliable is the positive result of the test?

• Negative predictive value of the negative result: How many of the tested 
negatives are true negatives? How reliable is the negative result of the test?

• Accuracy: How many cases are correctly classified by the procedure?

Table 9.3 summarizes these properties.

TABLE 9.3
Features of Diagnostic Test That Can Be Calculated by Comparison with 
Gold Standard in Validation Study

Feature of
the Test Alternative Name Question Addressed

Formula
(see Table 9.2)

Sensitivity True positive rate 
(positive in disease)

How good is this test at picking 
up individuals with the 
condition?

a/(a + c)

Specificity True negative rate 
(negative in health)

How good is this test at 
identifying individuals 
without the condition?

d/(b + d)

Positive 
predictive value

Posttest probability of 
a positive test

If a test is positive, what is the 
probability that the condition 
is truly present?

a/(a + b)

Negative 
predictive value

Posttest probability of 
a negative test

If a test is negative, what is the 
probability that the condition 
is truly absent?

d/(c + d)

Accuracy — What proportion of all tests 
have given the correct result? 
(true positives and true 
negatives as a proportion of 
all results)

(a + d)/(a + b + c + d)
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Once the tests are characterized by evaluating their features, they can be chosen 
according to the needs of the user.

9.3.2.1  Evaluation of a Diagnostic Test with a Continuous Result
Many tests do not result in dichotomous (yes/no) results, but in a value suitable to be 
measured in an ordinal or continuous scale. Take, for example, the use of the levels 
of tau protein in the cerebrospinal fluid (CSF-tau) test to screen for Alzheimer’s dis-
ease (AD) (Andreasen et al., 1999). Most elderly will have some detectable protein in 
their cerebrospinal fluid (say, 200 pg/ml), and most of those with probable AD will 
have high concentrations (above about 600 pg/ml). But a concentration of, say, 300 
pg/ml may be found either in a perfectly normal person or in someone with early 
AD. There simply is not a clean cutoff between normal and abnormal.

Results of a validation study of this test can be used against a gold standard for AD 
(AD diagnosed according to National Institute of Neurological and Communicative 
Disorders and Stroke-Alzheimer’s Disease and Related Disorders Association cri-
teria [McKhann et al., 1984]) to draw up a whole series of two-by-two tables. Each 
table would use a different definition of an abnormal test result to classify patients 
as normal or abnormal. For each of the tables, we could generate the sensitivity and 
specificity associated with a protein concentration above each different cutoff point. 
When faced with a test result in the grey zone, we would at least be able to say, “This 
test has not proved that the patient has Alzheimer’s disease, but the probability of 
having it is x.”

Another way to express the relationship between sensitivity and specificity for 
a given test is to construct a curve called a receiver operating characteristic (ROC) 
curve, shown in Figure  9.2 (Peterson et al., 1954; Schisterman et al., 2001). It is 
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FIGURE 9.2  Receiver operating characteristics curve for the validation study of the nonde-
structive test to detect mealy fruits.
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constructed by plotting the true positive rate (sensitivity) against the false positive 
rate (1, specificity). The values on the axes run from a probability of 0 to 1.0 (or, 
alternatively, from 0 to 100%).

Tests that discriminate well, group toward the upper left corner of the ROC curve. 
Tests that perform less well have curves that fall closer to the diagonal line running 
from lower left to upper right. This line describes a test that contributes no information.

The ROC curve is used to describe the accuracy of a test over a range of cutoff 
points. It can serve as a normogram for reading off the specificity that corresponds to 
a given sensitivity. It shows how severe the trade-off between sensitivity and speci-
ficity is for a test and can be used to help decide where the best cutoff point would 
be. The overall accuracy of a test can be described as the area under the ROC curve 
(AUC); the larger the area, or the closest to 1, the better the test. The AUC has an 
important statistical property: the AUC of a classifier is equivalent to the probability 
that the classifier will rank a randomly chosen positive instance higher than a ran-
domly chosen negative instance (DeLong et al., 1988).

Although we are forced to make a trade-off between sensitivity and specificity 
for any given test, it is possible that a new test can be both more sensitive and more 
specific than its predecessors.

9.3.2.2  Combining Multiple Tests
Few diagnostic tests are both highly sensitive and highly specific. For this reason, patients 
are sometimes diagnosed using two or more tests. These tests may be performed either in 
parallel (i.e., at the same time and interpreted together) or in series (i.e., the results of the 
first test determine whether the second test is performed at all) (Zhou et al., 2002). The 
latter has the advantage of avoiding unnecessary tests, but the disadvantage of potentially 
delaying treatment for diseased patients by lengthening the diagnostic testing period.

Tests performed in parallel can be considered positive if any of the tests results is 
positive. This is called the OR rule. Alternatively, the combination can be considered 
positive if both the tests results are positive. This is called the AND rule. Under the 
OR rule, the sensitivity of the combined result is higher than that of either test alone, 
but the combined specificity is lower than that of either test. With the AND rule, this 
is reversed: The specificity of the combined result is higher than either test alone, but 
the combined sensitivity is lower than that of either test.

Serial testing is an alternative to parallel testing that is particularly cost-efficient 
when screening for rare conditions, and is often used when the second test is expen-
sive and/or risky. Under the OR rule, if the first test is positive, the diagnosis is 
positive; otherwise, the second test is performed. If the second test is positive after a 
negative first test, then the diagnosis is also positive; otherwise, the diagnosis is neg-
ative. The OR rule, then, leads to a higher overall sensitivity than either test by itself. 
With the AND rule, if the first test is positive, the second test is performed. If the 
second test is positive, the diagnosis is positive; otherwise, the diagnosis is negative. 
The AND rule, then, leads to a higher overall specificity than either test by itself.

Further discussion on the methodology and interpretation of diagnostic tests can be 
found in the books by Galen and Bambino (1975), Sackett et al. (1985), and Zhou et 
al. (2002), the paper by Sheps and Schechter (1984), and the series of articles from the 
Department of Clinical Epidemiology and Biostatistics at MacMaster University (1983).
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9.3.2.3  Examples of the Evaluation of a Diagnostic Test in Food Technology
Textural characteristics of fruits are of extreme importance for quality assurance and 
marketing. For apples, the most appreciated one is the absence of mealy or farina-
ceous texture (Arana et al., 2004).

To discriminate mealy apples is not yet possible without using destructive tests, 
mainly tasting the apple by a professional tester. The destructive test is equivalent to 
what in medicine is called the gold standard test.

A nondestructive test has recently been developed. It is called the impact test (IT), 
for the discrimination of mealy apples (Arana et al., 2004). The test measures the 
maximum resistance to the impact of a spherical object in free fall from a height of 
2 cm onto an apple.

Eighty-nine apples were tested with the IT and subsequently tasted by the profes-
sional tester. Table 9.4 shows the results of the tests, IT and taster, for each of the 
apples studied.

The next step was to draw up a whole series of two-by-two tables. Each table 
would use a different definition of an abnormal test result, mainly each value of the 
IT test, and classifies apples as normal or abnormal (Tables 9.5a and 9.5b). Each 
cutoff point is characterized by its sensitivity and specificity. The predictive values 
for the cutoff point can be calculated.

The sensitivity for the cutoff point of 18.38 Newtons is 0.98, meaning that 98% 
of the mealy fruits will have values lower than 18.38 N in the maximum resistance 
test. The specificity is 0.66, meaning that 66% of nonmealy apples will have values 
greater or equal than 18.38 N in the test. If the result of the test was lower than 18.38 
N, the probability of that apple being mealy was 87% (positive predictive value), and 
if the result was greater or equal to 18.38 N, there was a 94% probability of actually 
being nonmealy.

The sensitivity for the cutoff point 17.41 N is 0.94 and the specificity is 0.93.
The corresponding table and sensitivity and specificity calculations need to be 

performed for every IT test result value as a cut-off point (Table 9.6). These values 
are transformed into a ROC curve (Figure 9.2).

This analysis allows the decision maker to select the discriminator value of the 
IT test according to his business needs. If all mealy fruits need to be diagnosed and 
excluded from the sample, the cutoff point maximizing sensitivity will be selected. 
If, on the contrary, no healthy nonmealy fruits have to be excluded from the sample, 
the lowest cutoff point maximizing specificity will be selected. Arana et al. (2005) 
used the impact test for the discrimination of woolly nectarines.

Cataltepe et al. (2004) used transmittance images to classify insect-damaged and 
undamaged wheat kernels. They achieved a specificity of 80% and a sensitivity of 
80%. The AUC was 0.86. Combining this and another test resulted in a specificity of 
90%, a sensitivity of 80%, and an AUC of 0.92.

Ariana et al. (2006) used the AUC to compare the overall performance of three 
classification methods, based on near-infrared hyperspectral reflectance imaging, 
developed by them to identify bruised and normal pickling cucumbers. They used 
ratio of reflectance (R) images for two wavelengths (R = R988nm/R1085nm) and 



Medical Diagnostic Theory Applied to Food Technology 215

difference of reflectance images for two wavelengths (D = R1346 nm −R1425 nm), 
over a period of 0 to 6 days.

The accuracy based on the ratio of two wavelengths was slightly better than that 
based on the difference of two wavelengths for 0 and 1 days after bruising, whereas 
the difference of two wavelengths was superior for 3 and 6 days. Based on the AUC 
comparisons, the classification performance for the band difference method was 
slightly better than that of the band ratio at 0, 3, and 6 days.

TABLE 9.4
Results of the Two Tests. Mealy Apple as Tasted by a Professional Tester and 
Nondestructive Test (IT) for Each Fruit in the Sample

n

Mealy 
Diagnosis by 
Professional 

Taster

IT Result 
in 

Newtons n

Mealy 
Diagnosis by 
Professional 

Taster

IT Result 
in 

Newtons n

Mealy 
Diagnosis by 
Professional 

Taster

IT Result 
in 

Newtons

1 no 17.41 31 yes 16.44 61 yes 18.38

2 no 19.34 32 yes 15.48 62 yes 14.51

3 no 20.79 33 yes 14.51 63 yes 14.99

4 no 19.34 34 yes 14.02 64 yes 17.41

5 no 18.86 35 yes 15.96 65 yes 13.54

6 no 19.34 36 yes 16.44 66 yes 14.99

7 no 18.86 37 yes 14.99 67 yes 15.48

8 no 19.34 38 yes 12.57 68 yes 15.96

9 no 19.83 39 yes 15.96 69 yes 15.48

10 no 17.89 40 yes 14.99 70 yes 14.51

11 no 17.41 41 yes 15.96 71 yes 14.02

12 no 19.34 42 yes 15.96 72 yes 15.96

13 no 17.41 43 yes 17.41 73 yes 14.51

14 no 18.38 44 yes 12.57 74 yes 12.09

15 no 19.83 45 yes 14.99 75 yes 13.54

16 no 19.83 46 yes 14.02 76 yes 15.96

17 no 18.86 47 yes 15.48 77 yes 14.51

18 no 18.86 48 yes 16.93 78 yes 16.93

19 no 17.41 49 yes 14.51 79 yes 13.06

20 yes 16.93 50 yes 14.02 80 yes 14.99

21 no 16.93 51 yes 14.51 81 yes 15.48

22 no 18.38 52 yes 14.02 82 yes 13.54

23 no 19.34 53 yes 14.99 83 yes 13.54

24 no 17.89 54 yes 13.54 84 yes 11.61

25 no 18.86 55 yes 14.99 85 yes 17.41

26 no 16.93 56 yes 14.99 86 yes 15.96

27 no 20.79 57 yes 14.02 87 yes 15.96

28 no 17.89 58 yes 16.44 88 yes 12.57

29 yes 16.93 59 yes 12.57 89 yes 14.99

30 yes 15.48 60 yes 14.02 — — —
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Some authors used diagnostic theory for the fast and accurate detection of 
Salmonella spp. in chicken rinses, minced meat, fish, and raw milk (Malorny et al. 
2004) and in spinach, tomatoes, and in both jalapeno and serrano peppers (González-
Escalona et al., 2009).

Jordan et al. (2007) used ROC analysis to estimate and compare the errors that 
would be experienced if densities of coliform, enterobacteriaceae, or APC were used 
to predict the presence or absence of E. coli biotype I in samples from beef car-
casses, sheep carcasses, frozen beef, and frozen sheep meat.

García-Rey et al. (2004) used ROC curves to classify hams according to normal 
pH and low pH in order to study the relationship between pH before salting and dry-
cured ham quality.

Hung et al. (2011) efficiently differentiated ostrich meat from pork, beef, and 
chicken meat, and evaluated grades and freshness of ostrich meat using electro-
chemical (EC) profiling through copper nanoparticle-plated screen-printed elec-
trode. Statistical analysis (ROC curve) demonstrated that peak ratios could be used 
to evaluate ostrich meat grades with high sensitivity (up to 95%) and specificity (up 
to 100%).

There are many situations in agriculture in which the evaluation of individual 
pieces by nondestructive tests is necessary. On those occasions and for the correct 
evaluation of the tests, the application of the methods described here is essential. 

TABLE 9.5A
Two-by-Two Table for the Results of Defining Positive “Mealy” through a 
Cutoff Point (Maximum Resistance Less than 18.38 Newtons)

Result of Gold Standard Test

Result of Diagnostic Test

Disease Positive “Mealy”
as Defined by

Professional Tester

Disease Negative “Not Mealy” 
as Defined by

Professional Tester

Test positive (< 18.38 N) 61  9

Test negative (≥ 18.38 N)  1 18

TABLE 9.5B
Two-by-Two Table for the Results of Defining Positive “Mealy” through a 
Cutoff Point (Maximum Resistance Less than 17.41 Newtons)

Result of Gold Standard Test

Result of Diagnostic Test

Disease Positive “Mealy”
as Defined by

Professional Tester

Disease Negative “Not Mealy” 
as Defined by

Professional Tester

Test positive (< 17.41 N) 58  2

Test negative (≥ 17.41 N)  4 25
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In food technology, where some individuals from the sample can be sacrificed, the 
establishment of the gold standard is easier than in medicine.

In medicine, where diagnosis is one of the main challenges, there is a lot of expe-
rience with the application and evaluation of diagnostic tests. The theory has been 
developed and it is well established. It is also used in military science, in meteorol-
ogy, in civil engineering, in behavioral research, and criminology (Swets, 1988). We 
are glad that it is applied to food technology as well.

A wider and deeper understanding of the needs and possibilities of measuring 
accuracy in diagnostic tests would be beneficial for the food technology field, and 
also for society. Scientists are increasingly aware that a successful science of accu-
racy testing exists, and that the fundamental factors in evaluation of diagnostic tests 
are the same across the different disciplines where it is applied.

REFERENCES

Andreasen, N., L. Minthon, A. Clarberg, P. Davidsson, J. Gottfries, E. Vanmechelen, H. 
Vanderstichele, B. Winblad, and K. Blennow. 1999. Sensitivity, specificity, and stabil-
ity of CSF-tau in AD in a community-based patient sample. Neurology 53:1488–1494.

Ariana, D.P., R. Lu, and D.E. Guyer. 2006. Near-infrared hyperspectral reflectance imaging for 
detection of bruises on pickling cucumbers. Computers and Electronics in Agriculture 
53:60–70.

TABLE 9.6
Force in Newtons, and Associated Sensitivity and Specificity Values

Force in Newtons Sensitivity Specificity

11.61 0.016129 1.000000

12.09 0.032258 1.000000

12.57 0.096774 1.000000

13.06 0.112903 1.000000

13.54 0.193548 1.000000

14.02 0.306452 1.000000

14.51 0.419355 1.000000

14.99 0.580645 1.000000

15.48 0.677419 1.000000

15.96 0.822581 1.000000

16.44 0.870968 1.000000

16.93 0.935484 0.925926

17.41 0.983871 0.777778

17.89 0.983871 0.666667

18.38 1.000000 0.592593

18.86 1.000000 0.407407

19.34 1.000000 0.185185

19.83 1.000000 0.074074

20.79 1.000000 0.000000



218 Physical Properties of Foods

Arana, I., C. Jarén, and S. Arazuri. 2004. Apple mealiness detection by non-destructive 
mechanical impact. Journal of Food Engineering 62(4):399–408.

Arana, I., C. Jarén, and S. Arazuri. 2005. Nectarine woolliness detection by non-destructive 
mechanical impact. Biosystems Engineering 90(1):37–45.

Carpenter, J.P., G.A. Holland, R.A. Baum, R.S. Owen, J.T. Carpenter, and C. Cope. 1993. 
Magnetic resonance venography for the detection of deep venous thrombosis: compari-
son with contrast venography and duplex Doppler ultrasonography. Journal of Vascular 
Surgery 18:734–741.

Cataltepe, Z., E. Cetin, and T. Pearson. 2004. Identification of insect damaged wheat kernels 
using transmittance images. ICIP 04 International Conference on Image Processing 
5:2917–2920.

DeLong, E.R., D.M. DeLong, and D.L. Clarke-Pearson. 1988. Comparing the areas under two 
or more correlated receiver operating characteristic curves: a nonparametric approach. 
Biometrics 44(3):837–845.

Department of Clinical Epidemiology and Biostatistics, McMaster University. 1983. 
Interpretation of diagnostic data. Canadian Medical Association Journal 129: 429–432, 
559–564, 586, 705–710, 832–835, 947–954, 1093–1099.

Friedman, J.H. 1989. Regularized discriminant analysis. Journal of the American Statistical 
Association 84:165–175.

Galen, R.S., and S.R. Bambino. 1975. Beyond normality: The predictive value and efficiency 
of medical diagnosis. New York: Wiley.

García-Rey, R.M.,J.A. García-Garrido, R. Quiles-Zafra, J. Tapiador, and M.D. Luque de 
Castro. 2004. Relationship between pH before salting and dry-cured ham quality. Meat 
Science 67(4):625–632.

González-Escalona, N., T.S. Hammack, M. Russell, A.P. Jacobson, A.J. De Jesús, E.W. Brown, 
and K. A. Lampel. 2009. Detection of live Salmonella sp. cells in produce by a TaqMan-
based quantitative reverse transcriptase real-time PCR targeting invA mRNA. Applied 
and Environmental Microbiology 75(11):3714–3720.

Harrison’s Principles of Internal Medicine 17th ed. Harrison’s Online. http://accessmedicine.
com/resourceTOC.aspx?resourceID=4 (accessed February 1, 2011).

Hung, C.J., H.P. Ho, C.C. Chang, M.R. Lee, C.A. Franje, S.I. Kuo, R.J. Lee, and C.C. 
Chou. 2011. Electrochemical profiling using copper nanoparticle-plated electrode 
for identification of ostrich meat and evaluation of meat grades. Food Chemistry 
26(3):1417–1423.

Jordan, D., D. Philipps, J. Sumner, S. Morris, and I. Jenson. 2007. Relationships between the 
density of different indicator organisms on sheep and beef carcasses and in frozen beef 
and sheep meat. Journal of applied Microbiology 102(1):57–64.

Malorny, B., E. Paccassoni, P. Fach, C. Bunge, E. Martin, and R. Helmuth. 2004. Diagnostic 
real-time PCR for detection of Salmonella in food. Applied and Enviromental 
Microbiology 70(12):7046–7052.

McKhann, G., D. Drachman, M. Folstein, R. Katzman, D. Price, and E.M. Stadlan. 1984. 
Clinical diagnosis of Alzheimer’s disease: Report of the NINCDS-ADRDA Work 
Group under the auspices of Department of Health and Human Services Task Force on 
Alzheimer’s Disease. Neurology 34:939–944.

Peterson, W.W., T.G. Birdsall, and W.C. Fox. 1954. The theory of signal detection. Trans. 
IRE Professional Group of Information Theory, PGIT-4: 171–212. www.ee.kth.se/sip/
courses/FEN3100/docs/Peterson1954.pdf

Sackett, D.L., R.B. Haynes, and P. Tugwell. 1985. Clinical epidemiology: A basic science for 
clinical medicine. Boston: Little, Brown and Company.

Schisterman, E.F., D. Faraggi, B. Reiser, and M. Trevisan. 2001. Statistical inference for the 
area under the receiver operating characteristic curve in the presence of random mea-
surement error. American Journal of Epidemiology 154:174–179.

http://accessmedicine.com
http://accessmedicine.com
www.ee.kth.se
www.ee.kth.se


Medical Diagnostic Theory Applied to Food Technology 219

Sheps, S.B., and M.T. Schechter.1984. The assessment of diagnostic tests. A survey of current 
medical research. Journal of American Medical Association 252:2418–22.

Swets, J.A. 1988. Measuring the accuracy of diagnostic systems. Science 40:1285–1293.
Zhou, X.H., N.A. Obuchowski, and D.K. McClish. 2002. Statistical methods in diagnostic 

medicine. New York: Wiley & Sons.





221

10 Mechanical Damage 
of Foods

Silvia Arazuri

10.1  INTRODUCTION

External appearance is the main quality aspect that each consumer is confronted 
with when buying food products (Nicolaï et al., 2009). Internal quality is impor-
tant at the moment of product consumption. Apart from other characteristics, the 
absence of damage is one of the most important signs of quality of an agricul-
tural product.

Mechanical damages appear due to impacts and compressions produced dur-
ing harvesting, transport, and manipulation processes. Damages can appear at the 
moment at which the impact or compression takes place, or later, during storage.

These damages have a direct effect on loss of quality and reduce sale prices. 
External quality is considered of paramount importance in the marketing and sale of 
fruits. The appearance—size, shape, color, and presence of blemishes—influences 
consumer perceptions and therefore determines the level of acceptability prior to 
purchase. The consumer associates desirable internal quality characteristics with 
certain external appearance (Brosnan et al., 2004). The improvement of a food prod-
uct’s quality will make it more profitable and will open new sale markets.

This chapter seeks to give an overview of damages produced during manipulation 
processes as well as modern measuring techniques used for their detection.
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10.2  MECHANICAL DAMAGES: DEFINITION

Mohsenin (1986) defined damage as the failure of the product under excessive defor-
mation when it is forced through fixed clearance or excessive force when it is sub-
jected to impact. Mechanical damages in agricultural products are due to external 
forces under static or dynamic conditions or to internal forces. Damages due to inter-
nal forces can be the result of physical changes, such as variation in temperature and 
moisture content, or chemical and biological changes. Mechanical damages due to 
external forces are mechanical injuries in fruits and vegetables, grains, and so on.

In terms of intact agricultural products, failure is usually manifested through a 
rupture in the internal or external cellular structure of the material.

Injuries could be classified as postharvest mechanical injuries (bruises, cuts, 
and punctures), preharvest mechanical injuries (healed lesions caused by rub injury 
or pest attacks), physiological disorders (badly misshapen fruit, growth cracks, or 
cracking), preharvest diseases (rust and shot-hole), and postharvest diseases (rots, 
including brown rot) (Amorim et al., 2008).

One of the main objectives of researchers is to know the behavior of agricultural 
products. Prediction of susceptibility to damage will improve preharvest and post-
harvest management. However, fruits and vegetables do not behave ideally because 
they are not ideal materials.

Gunasekaran and Mehmet (2000) described the particularity of agricultural 
products by comparison with ideal solids and fluids. These authors explained that 
an ideal solid material will respond to an applied load by deforming finitely and 
recovering that deformation upon removal of the load (elastic behavior). In contrast, 
an ideal fluid will deform and continue to deform as long as the load is applied and 
will not recover from its deformation when the load is removed. This response is 
called viscous.

From energy considerations, elastic behavior represents complete recovery of 
energy expended during deformation, whereas viscous flow represents complete loss 
of energy as all the energy supplied during deformation is dissipated as heat. Ideal 
elastic and ideal viscous behaviors present two extreme responses of materials to 
external stresses. However, real materials exhibit a wide array of responses between 
viscous and elastic. Most materials exhibit some viscous and some elastic behavior 
simultaneously and are called viscoelastic. Almost all foods, both liquid and solid, 
belong to this group.

In relation to this characteristic, in 1954, Bowden and Tabor divided the impact of 
colliding bodies into four phases:

 1. Initial elastic deformation, during which the region of contact is deformed 
elastically and fully recovers without residual deformation. The time of 
impact, mean pressures, and deformation for this phase can be found using 
equations based on Hertz theory.

 2. Onset of plastic deformation during which the mean pressure exceeds 
the dynamic yield pressure of the material and the resulting deformation 
will not be fully recovered. It has been shown that this condition occurs 
at extremely small impact energies. The fact that the indentation produced 
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by a spherical indenter is partially elastic at this stage has been proved by 
applying the original load several times and observing the recovered inden-
tation, which remained essentially unchanged in diameter and in radius of 
curvature.

 3. Full plastic deformation, during which the deformation continues from elas-
tic-plastic to fully plastic until the pressure falls below the dynamic yield 
pressure.

 4. Elastic rebound during which a release of elastic stresses stored in both 
bodies takes place.

Figure 10.1 shows an impact characteristic curve in which some of the phases 
previously described can be seen.

10.3   DETECTING DAMAGES DURING 
HARVEST AND MANIPULATION

There are several events during harvest and postharvest that can damage internal and 
external appearance of edible horticultural products, reducing quality by producing 
injuries, defects, or rot. These damages occur chiefly during harvest, transport, grad-
ing, and processing. Thus, reduction of fruit damages during harvest and postharvest 
manipulation is a vital step in order to increase quality. Qualitative and quantitative 
losses in fruits and tubers caused by mechanical damages as well as the increasing 
demand for quality products are of vital importance. This is the reason why devices 
known as sensors have been developed to quickly locate the points at which damages 
originate (Jaren et al., 2008). IS-100 (Figure 10.2), PMS-60, potato-shaped instru-
mented device (Figure 10.3) or Smart Spud (Figure 10.4) are some of the best-known 
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FIGURE 10.1  Impact characteristic curves from an impact test. (Source: Arana et al. 2005.)
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devices for detection of those critical points. Further information about these sensors 
was published by Jaren et al. (2008).

In order to obtain good information about our machines, impact data must be 
related to bruise susceptibility of each fruit type by establishing impact damage 
thresholds of the products. Impact characteristics depend on different parameters: 
velocity, transfer height, padding materials, and transfer point design (Garcia-Ramos 
et al., 2003). Analyzing four different sizers using an IS-100 instrumented sphere, 
Garcia-Ramos et al. (2004) observed that most of the impacts recorded in the siz-
ers showed acceleration values over 50 g and were produced against hard surfaces. 
Damage probability was high in the case of the stone fruits (peaches and apricots) 
tested. Moreover, most of the analyzed points were could be improved.

Arazuri et al. (2001) and Salvadores et al. (2001) evaluated different tomato har-
vesters in order to identify critical points where mechanical damages occur during 
harvesting. An IS-100 instrumented sphere was selected because of the similarity 

FIGURE 10.2  IS-100 instrumented sphere connected to communication interface.

FIGURE 10.3  Potato instrumented device or PTR200 and data logger.
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between the shape of tomatoes and the device (Figure 10.5). The IS-100 was placed 
in tomato plants and picked up with them to follow the whole route with the tomatoes. 
The IS-100 recorded information about maximum impact acceleration, impact dura-
tion, and velocity change for every impact. These data provided information about 
impact intensity, location, and type of material against which the impact occurred—
cushioning material or no cushioning material. In order to obtain as much informa-
tion as possible about damage threshold, different samples were taken: manually 
harvested samples as control samples, and samples after shaking and after discharge 
elements. It was observed that shaking was the element in which damage risk was 
higher. Moreover, the influence of the machines on the firmness properties of the 
tomatoes were evaluated using impact tests and a texture analyzer TA-XT2 for com-
pression, puncture resistance, and destructive compression test (Arazuri et al., 2007). 
A destructive compression test (Figure 10.6) was performed to evaluate the behavior 
of tomatoes during transport. When the container is full, tomatoes placed in the 

(a) (b)

FIGURE 10.4  Smart Spud instrumented device: (a) covers, sensor, and handheld, (b) Smart 
Spud ready to work. 

FIGURE 10.5  IS-100 and tested tomato. (Source: Arazuri et al. 2010.)
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lower and middle portions of the container pars suffer a high compression force due 
to the weight of the tomatoes above them. Desmet et al. (2004) tested tomato han-
dling chains with the objective of identifying critical points where puncture injury 
might occur. A PMS-60 instrumented sphere measured impacts as the maximum 
impact force, the impact duration, and the impact integral, which is equal to the 
impact force integrated over the impact duration. To relate impact energy to impact 
force, different levels of impact energy were applied to the instrumented sphere by 
means of a pendulum. The same levels of impact were performed on tomato samples 
to determine presence or absence of puncture wounds. From the analysis of chains 
it was found that the most common deficiencies in the grading lines were wear or 
lack of cushioning material, lack of deceleration flaps, or bad adjustment of the fall-
breaking brushes. The researchers concluded that major improvements with rela-
tively small modifications near the critical points could be obtained by using the 
PMS-60 instrumented sphere information.

Finally, Salar (2009) evaluated potato harvesters and manipulation lines using 
different instrumented spheres: IS-100, PTR200 (potato-shaped instrumented 
device), and Smart Spud. The two last were more similar to potatoes because of 
their nonspherical shape. The researcher observed differences in the information 
provided by the devices, but in all cases, critical points were detected by the sen-
sors. As in previously described investigations, samples of potatoes were taken as 
follows: control samples and samples taken at the detected critical points. Damages 
were observed and classified depending on their importance. PTR200 data and dam-
age level were well correlated, although the sensitivity of the sensor in low-intensity 
impacts was lower than with the fruit-shaped electronic sensors. In order to avoid the 

FIGURE  10.6  Destructive compression test and mechanical damage in tomato by 
compression.
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high standard deviations described by Van Canneyt et al. (2003), repetitive measure-
ments in the same harvest or manipulation time and in two different years were car-
ried out. In addition, the influence of mechanical manipulation on th firmness was 
analyzed. Texture analyzer TA-XT2 was used and was equipped with compression, 
puncture, and Warner Bratzler shear probes (Salar et al., 2009).

10.4   TECHNIQUES FOR MEASURING 
DAMAGE IN FOOD PRODUCTS

The basis of quality assessment is often subjective with attributes such as appearance, 
smell, texture, and flavor, frequently examined by human inspectors. Consequently, 
Francis (1980, cited by Brosnan et al., 2004) found that human perception could 
be easily fooled. The high labor costs, inconsistency, and variability associated 
with human inspection accentuates the need for objective measurement systems. 
Recently, automatic inspection systems, mainly based on camera–computer technol-
ogy have been investigated for the sensory analysis of agricultural and food products 
(Brosnan et al., 2004).

Mechanical damages have a huge economic cost for producers and wholesalers, 
and it is necessary to identify these damages as soon as possible to manage products 
correctly. So, early prediction of damages is one of the main objectives of researchers.

10.4.1  Damage PreDiction moDels

The special characteristics of agricultural products make it difficult to obtain a 
general prediction model for damages. Despite this, knowing the properties of one 
product should make it easier to predict its behavior in an impact or loading, both 
causes of mechanical damages.

In this sense, Desmet et al. (2003) determined puncture injury susceptibility of 
tomatoes. Puncture injury of tomatoes is a damage that occurs as a result of impact 
when the stem of one tomato punctures the skin of another in transit from green-
house to consumer (Figure 10.7). The punctures induce wound respiration, provide 
entry sites for decay organisms, and decrease visual appeal. In order to evaluate 
the tomato skin resistance, a pendulum-induced impact test was carried out. A 
cylindrical impact probe was chosen with a flat tip and a diameter of an average 
regular tomato stem (3.7 mm). Due to these impact probe characteristics, the total 
surface of the tip of the impact probe contacted the tomato during impact. These 
data provided the necessary information to calculate the susceptibility at a certain 
level of impact energy as the probe punctures the tomato. Arazuri et al. (2007) 
evaluated the resistance of the skin of several processing tomato varieties with 
the aim of knowing the effect of harvest machines. A texture analyzer TA-XT2, 
equipped with a steel punch of 2 mm maximum diameter, was used. In this case, 
the object of the analysis was to avoid damage during mechanical harvesting of 
tomatoes. It was concluded that tomatoes after harvest showed a loss of skin resis-
tance to crack of about 6%.
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Van Linden et al. (2006) focused their investigation on determination of bruise 
susceptibility of the tomato. A bruise is a type of subcutaneous damage without 
rupture of the skin (Mohsenin, 1986) (Figure 10.8). In 2005, Van Linden and De 
Baerdemaeker found that the bruising mechanism could be a result of both physical 
injury and the subsequent breakdown of the cell wall components by the action of cell 
wall–related proteins. Later, these researchers (Van Linden et al., 2006) established 
one method to determine the bruise susceptibility of tomatoes. An instrumented 
pendulum was used to produce the necessary impact to develop bruise damage; after 
two days from the impacts, tomatoes were classified according to the presence or 
absence of damage. Logistic regression analysis let them develop a bruise damage 
prediction model using both impact data and characteristics of evaluated tomato 
varieties. Nevertheless, they concluded that more elaborate logistic models might be 

FIGURE 10.8  Bruise damage in apple.

FIGURE 10.7  Puncture injury in tomato skin.
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useful to investigate the influence of various fruit properties on the risk of develop-
ing bruises after mechanical impact. Simple bruise models should suffice for a quick 
evaluation of new tomato cultivars regarding their resistance to mechanical impact.

In stone fruits like peaches, nectarines, and plums, researchers are focused on 
nondestructive tests for bruise evaluation. Valero et al. (2007) studied the direct rela-
tionship between nondestructive firmness measurements and relevant fruit texture 
changes during ripening. In this work, ripening stages and bruising susceptibility 
were joined.

Most researchers who investigate the effect of impacts and loadings in damage 
appearance try to develop prediction models. Actually, if the behavior of fruits or 
vegetables was modeled in different scenarios, the best decision could be made on 
how to avoid or reduce mechanical damage.

Baritelle et al. (2001) proposed an equation to evaluate the relationship between 
impact bruising and commodity conditioning. This relationship would estimate 
bruise threshold as a function of commodity tissue impact properties, Poisson’s 
ratio, and specimen mass and radius of curvature for impacts on a flat, rigid surface. 
Three factors were found to be most easily controlled: relative turgor, temperature, 
and strain rate, the latter of which is mainly dependent on handling system design 
and operation. For example, reducing the relative turgor can reduce tissue elastic 
modulus (stiffness), which can in turn make a specimen more “self-cushioning,” by 
distributing a given force over a larger area of the specimen’s curved surface.

Barreiro et al. (1997) proposed neural bruise prediction models based on the 
degree of damage in apples and its acceptance or not at market. The prediction relied 
on European Community (EC) standards. Different models for both quasi-static 
(compression) and dynamic (impact) loads covering the full commercial ripening 
period of fruits were developed. The electronic devices used for load sensor calibra-
tion were IS-100 and DEA-1, for impact and compression loads, respectively. After 
a process of variable selection, the bruise prediction models obtained enabled clas-
sification of mechanical damages (as acceptable or unacceptable) based on EC stan-
dards with errors within the EC tolerance threshold of 10%. The prediction models 
gather information about bruise susceptibility evolution of fruits in the full com-
mercial ripeness range, information about different loading types, and about fruit 
physical quality.

Technology advances and computer speed led to the use of high-performance 
computers, which easily work with large amounts of data. The main problem will be 
information management. Discrete element analysis and finite element analysis are 
two examples.

Raji and Favier (2004a) reported that the optimal design and control of many 
production and postharvest operations require an understanding of the dynamic 
behavior of agricultural particulates. The resulting mechanical behavior is a com-
plex integrated effect defined by the geometry of the particles, the shape and surface 
roughness of the containing structure, and the number and strength of the points of 
interaction of the objects (contacts). Discrete element modeling (DEM), proposed 
in some research, considers a system as a collection of discrete entities with indi-
vidual material properties, and calculates the interparticle contact forces, stresses, 
and particle displacements over a discrete time interval. It involves calculation of 
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the out-of-balance force at very short explicit time intervals, which are so short that 
any disturbance caused during the time interval is assumed not to propagate further 
than the immediate neighbors of the particle in question. The process is a cycle 
with repeated application of Newton’s second law of motion integrated to obtain the 
acceleration, velocity, and displacement. The displacement is used to update the new 
position during the time interval before the application of the force-displacement 
law to calculate the new contact force and moment between neighboring particles 
during the next time interval for a new iteration cycle. In subsequent experiments, a 
new modeling approach based on DEM was applied to different oilseeds (Raji and 
Favier, 2004b). The model was validated against experimental data using synthetic 
spherical particles and canola seeds. It was then used to predict the bulk compression 
parameters during mechanical oil expression for the three oilseeds. Bed compres-
sion was simulated up to the oil point, which is the threshold pressure at which oil 
emerges from a seed kernel during mechanical seed-oil expression. Similar patterns 
in the variation of the characteristic parameters were obtained as observed in experi-
mental data. It was concluded that the model was able to predict quite closely the bed 
strain at the oil point observed in the experiment for each seed type. This suggests 
that it is a useful tool in the study of mechanical seed-oil expression and other agri-
cultural particulate compression processes as well as provision of data necessary in 
the design of appropriate machinery.

In contrast to DEM, some authors find finite element analysis as a better system to 
predict both the behavior of fruit and damage appearance during postharvest manip-
ulation. Dintwa et al. (2008) analyzed the dynamic process of collision among apples 
and collision of apples with rigid walls. Models were used to investigate the collision 
of apples in conditions that closely resemble typical practical collision regimes of 
such fruit during unit operation such as transportation in trucks, sorting operations, 
or any other handling operations. Information on the quantity of energy loss that 
can be attributed to the excitation of elastic waves within the body was assessed in 
isolation to energy dissipation due to the viscoelastic nature of the material. These 
researchers concluded that that finite element analysis can predict some behaviors of 
viscoelastic products, but it is necessary to have a more theoretically accurate assess-
ment of the problem.

Finally, the finite element method (FEM) was used to predict bruise damage in 
watermelon (Sadrnia et al., 2008). One of the main characteristics of the water-
melon is the skin thickness, which makes it difficult to detect flesh bruising. It is 
extremely difficult to measure internal stresses caused by applied compressive 
forces, and FEM is shown as an alternative tool to model objects of irregular 
shapes and nonhomogeneous material properties. Watermelons were compressed 
in longitudinal and transverse directions by parallel plates. The applied forces on 
models were equal to 10% of breaking force. Two geometric models were devel-
oped: One was an axisymmetric (2-D) model while the other one was a three-
dimensional (3-D) model. The 2-D model was suitable for analysis of the forces 
applied by the plates in the longitudinal axis direction of the fruit (blossom–stem). 
Since the watermelon structure is not axisymmetric in the transverse direction for 
compression tests, because of rind thickness variation, the 3- model was devel-
oped in order to simulate compression in this direction. Different simulations 
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were carried out. In one of them, the modulus of elasticity and the large deforma-
tion nonlinearity were considered. After model validation, the researchers con-
cluded that axisymmetric model was suitable for symmetrical loading with two 
plates at two sides of whole watermelons in the longitudinal direction. And, the 
3-D model could be used when the watermelon was loaded with two plates in the 
transverse direction.

10.4.2  new technologies for Damage Detection

Until now, the objective has been to describe the mechanism of damages and their 
prediction from widely used tests such as puncture tests or compression tests. 
Although these techniques give high-quality information about damages, research-
ers have focused their investigations on the use of new technologies that are nonde-
structive and minimal time consumers. Among these technologies are near-infrared 
spectroscopy (NIRS) and the newest multi- and hyperspectral image technologies.

10.4.2.1  Near-Infrared Technology
Near-infrared (NIR) radiation covers the range of the electromagnetic spectrum 
between 780 and 2500 nm. In NIR spectroscopy, the product is irradiated with NIR 
radiation, and the reflected or transmitted radiation is measured. While the radia-
tion penetrates the product, its spectral characteristics change through wavelength-
dependent scattering and absorption processes. This change depends on the chemical 
composition of the product as well as on its light-scattering properties, which are 
related to its microstructure. Advanced multivariate statistical techniques such as 
partial least squares regression are then applied to extract the required information 
from the usually convoluted spectra (Nicolaï et al., 2007).

Xing et al. (2003) applied NIR technology in order to test two types of bruises 
in apples: bruises produced by impact and by compression. After a canonical dis-
criminant analysis, the researchers obtained different classification models based on 
spectral data. Although the conclusion was that the accuracy of the models should 
be improved before incorporating them in grading machines, the researchers found 
that NIR spectroscopy is a quick alternative for bruise detection.

Van Dijk et al. (2006) evaluated the effect of storage time and temperature on 
the activities of pectin-degrading enzymes and firmness loss in tomatoes. They 
observed that the concentration of one of the enzymes, pectin methyl esterase (PME), 
was below the detection limit for NIR. However, changes produced by PME were 
reflected in the NIR spectra, so this technique could be applied to evaluate the effect 
of storage time and temperature.

Following with tomatoes, Hahn (2002) carried out different tests to detect dam-
ages produced by fungal infections based on NIR spectra. Fungal spore detection is 
done regularly by isolation on nutrient agar plates, but it takes a day to determine if 
the sample is infected. During this period, the infection can increase dramatically 
causing great losses in containers or storage rooms. Thus, in this research, toma-
toes were inoculated with spores and with sterile water to study the feasibility of 
using optical reflectance for detecting spores. Spectral signatures before and after 
being inoculated were acquired at the same place to avoid reflectance differences 
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caused by peel color, maturity stage, and sampling place. Fast Fourier transform 
(FFT) series obtained from the spectral signatures were analyzed by discriminant 
analysis. As a result, tomatoes infected with Fusarium oxysporum were detected 
with an accuracy of 85.42%.

10.4.2.2  Image Analyses
The potential of computer vision in the food industry has long been recognized. 
Automated visual inspection is undergoing substantial growth in the food indus-
try because of its cost effectiveness, consistency, superior speed, and accuracy. 
Traditional visual quality inspection performed by human inspectors has the potential 
to be replaced by computer vision systems for many tasks (Brosnan et al., 2004).

In general, images are formed by incident light in the visible spectrum falling on 
a partially reflective, partially absorptive surface, with the scattered photons being 
gathered up in the camera lens and converted to electrical signals either by vacuum 
tube or by a charge-coupled device (CCD) (Abdullah, 2008).

Detection of skin defects and damage is the most widely used application of image 
analysis for the inspection of fruit and vegetables. The presence of external damage 
is a clear sign of the lack of quality of a product. One difficulty that is common to 
most of them is to distinguish defective areas of the fruit or vegetable from natural 
organs like calyxes or stems (Cubero et al., 2010).

Jarimopas and Jaisin (2008) developed an efficient machine vision experimen-
tal sorting system for sweet tamarind pods based on image processing techniques. 
Relevant sorting parameters included shape, size, and defects (cracks). The sorting 
system involved the use of a CCD camera that was adapted to work with a TV card, 
microcontrollers, sensors, and a microcomputer. After analyzing images in differ-
ent situations, sorting performance was deemed to be acceptable according to Thai 
agricultural and food commodity standards.

In some cases, the color of a defective area of some fruits matches the color of 
healthy skin from other fruits of the same variety, which makes the task of identify-
ing true defects even more complex (Cubero et al., 2010). In this sense, Leemans 
and Destain (2004) developed a real-time method for apple classification based on 
features extracted from defects. After the acquisition of images with CCD cameras, a 
first segmentation to locate the fruits on the background and a second one to find the 
possible defects were performed. Once the defects were located, they were character-
ized by a set of features including color, shape, texture descriptors, as well as the dis-
tance of the defects to the nearest calyx or stem end. These data were accumulated for 
each fruit and summarized. Then, apples were graded using quadratic discriminant 
analysis obtaining a correct classification rate of 73%. The errors were due to defects 
that were difficult to segment, such as russet and bruises, or due to some wounds that 
were located near the stem ends and were probably confused with them.

Most current computer vision systems used in the automatic quality inspection of 
food are limited to the visible region of the electromagnetic spectrum as they tend 
to imitate the human eye. However, nonvisible information, such as that provided by 
near-infrared or ultraviolet regions of the spectrum, can improve the inspection by 
detecting specific defects or allowing the detection of nonvisible damage (Blasco et 
al., 2007).
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Multi- or hyperspectral cameras permit rapid acquisition of images at many wave-
lengths. Imaging at fewer than ten wavelengths is generally termed multispectral, 
and more than ten termed hyperspectral. The resulting data set can be visualized as a 
cube with the X and Y dimensions being the length and width of the image (in pixels) 
and the Z dimension being spectral wavelengths; each data point is an intensity 
value. Alternatively, the data set could be envisioned as a stack of single-wavelength 
pictures of the object with as many pictures as the number of wavelengths used. Such 
imaging provides information about the spatial distribution of constituents near the 
product’s surface (Abbott, 1999).

Near-infrared hyperspectral reflectance imaging was used by Ariana et al. (2006) 
in order to detect bruises on pickling cucumbers. The researchers selected the wave-
length range from 950 to 1650 nm for analysis. After data processing, it was observed 
that the reflectance of bruised tissue on cucumber fruit was lower than that of normal 
tissue, and the former increased over time toward that of normal tissue. Therefore, 
they detected that the wavelength range from 950 to 1350 nm with a bandwidth of 8.8 
nm was the most useful in principal component analysis for bruise detection. Finally, 
the classification accuracies obtained were of 95% at first day and 75% at sixth day 
after bruising.

Nicolaï et al. (2006) developed a hyperspectral NIR imaging system to iden-
tify bitter pit lesions on apples. Bitter pit is a physiological disorder in apples that 
develops postharvest and produces its decline at the wholesale market or exporter. 
An indium gallium arsenide near-infrared line scan camera (SU320-1.7RT-V, 
Sensors Unlimited Inc., Prince, USA) was used for hyperspectral imaging. The 
optical sensitivity of this camera ranges from 900 to 1700 nm. The researchers 
successfully validated the calibration and concluded that the system could iden-
tify bitter pit injures, even when they were not visible to the naked eye, such as 
just at harvest.

Bruise detection on apples was the main aim of the research carried out by ElMasry 
et al. (2008). They investigated the potential of a hyperspectral imaging system for 
early detection of bruises on different background colors of McIntosh apples. The 
spectral region was from 400 to 1000 nm and the background colors were green, 
red, and reddish green. As in other cases, partial least squares (PLS) regression 
and discriminant analysis were combined in order to obtain as much information as 
possible from the images. As expected, the efficiency of the developed method was 
demonstrated and the authors proposed to extend this technique to evaluate damages 
in other varieties of apple.

Apart from these techniques, magnetic resonance, thermal methods, x-rays, and 
other techniques can all generate an image (Abdullah, 2008).

Magnetic resonance imaging (MRI) based on the principles of nuclear magnetic 
resonance (NMR), has achieved general acceptance as a powerful tool for the diag-
nosis and assessment of clinical conditions following the widespread introduction 
of medical imaging systems during the 1980s. The ability of MRI to function in a 
completely noninvasive manner and to encode molecular dynamics through different 
contrast mechanisms has encouraged development of alternative applications out-
side the medical domain. Some researchers observed it as a useful tool for pre- and 
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postharvest study and assessment of fruits, vegetables, and other edible commodities 
(Clark et al., 1997).

Among the possibilities of MRI technology is the detection of mechanical dam-
ages. Milczarek et al. (2008) focused their research on assessment of tomato peri-
carp mechanical damages using multivariate analysis of MRI. As natural biological 
variation makes image-based quantification of damaged tissue a difficult task, they 
combined more than one MR image. In order to predict damages, conductivity tests 
were performed. It was expected that damaged tissue had different conductivity 
than normal tissue. Once multivariate analysis of the images was carried out, it was 
proven that this technology was effective for predicting the conductivity score of 
pericarp tissue in tomatoes, and consequently the mechanical damages.

Other new techniques to evaluate quality based on electromagnetic spectrum char-
acteristics are x-ray imaging and ultraviolet imaging. In the x-ray case, Kotwaliwale 
et al. (2007) evaluated the presence or absence of defects in pecans. A soft x-ray 
digital imaging system was used to acquire radiographs. Some pecans with known 
internal defects and with unknown quality attributes were imaged. After applying 
contrast stretching or high-frequency emphasis techniques, defects were clearly dif-
ferentiated by x-ray imaging.

An ultraviolet imaging–based machine vision system was developed by 
Al-Mallahi et al. (2010) to detect good quality potato tubers on a harvester, in order 
to remove clods and unwanted potato tubers, especially small tubers. Detection was 
based on the high degree of ultraviolet reflectance of the tubers compared to that 
of clods and background. A variable thresholding segmentation method was devel-
oped to overcome differences in the lighting conditions and in the water content 
of clods. The results showed that 98.79% of the clods were detected successfully. 
Furthermore, the processing time required to segment the objects in each frame was 
approximately 94 ms, which was enough to work at the normal speed of the conveyor 
belt of the harvester.

There is a new type of image obtained based on the thermal properties of agricul-
tural products. The thermograph is an image processing technique that transforms 
thermal radiation, recorded by a camera, into a thermographic image or a thermo-
gram. A thermogram is a representation of the specific temperature distribution at 
the object surface (Veraverbeke et al., 2006).

The basic principle of thermal imaging is based on the fact that all materials emit 
infrared radiation. Thermal imaging systems can detect radiation from the short-
wave to long-wave infrared. Typical long-wave infrared systems exhibit maximum 
sensitivity around room temperature, while mid-wave infrared systems exhibit peak 
sensitivity at much higher temperatures (Gowen et al., 2010).

Thermography is a very fast measuring technique, which allows measurement of 
moving objects. It is also a noncontact and nondestructive tool so that no mechani-
cal injury or contamination of the study object can occur during measurement 
(Veraverbeke et al., 2006). Bruising detection on apples (Varith et al., 2003) and 
tomatoes (Van Linden et al., 2003) show this technique as a new tool to evaluate the 
quality of agricultural products.
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10.4.2.3  Sonic and Ultrasonic Vibration
Sonic (or acoustic) vibrations encompass the audible frequencies between 20 Hz 
and ≈ 15kHz; ultrasonic vibrations are above the audible frequency range (>20 
kHz). Sonic and ultrasonic waves can be transmitted, reflected, refracted, or dif-
fracted as they interact with the material. Wave propagation velocity, attenuation, 
and reflection are the important parameters used to evaluate the tissue properties 
of horticultural commodities. When an object is excited at sonic frequencies, it 
vibrates. At particular frequencies it will vibrate more vigorously, causing ampli-
tude peaks; such a condition is referred to as resonance. Resonant frequencies are 
related to elasticity, internal friction, or damping, and shape, size, and density. 
The firmer the flesh, the higher the resonant frequency for products of the same 
size and shape. The traditional watermelon ripeness test is based on the acoustic 
principle, where one thumps the melon and listens to the pitch (frequency) of the 
resonance (Abbott, 1999).

Basing on this principle, Diezma-Iglesias et al. (2004) applied acoustic impulse 
response techniques to evaluate internal quality in seedless watermelon. These may 
have a disorder called hollow heart produced by alternating between wet and dry 
soil, and hot and cold temperatures when growing. The researchers developed a 
device consisting of a microphone, structural elements, and mechanical impact gen-
erator. Spectral parameters were examined as potential nondestructive predictors of 
internal disorders and two frequencies in a specified bandwidth, between 20 and 500 
Hz, were the acoustic parameters showing the best ability to detect hollow heart. 
Therefore, due to the lack of homogeneity in the distribution of disorders inside the 
fruits, the authors recommended at least five impacts along the surface of the water-
melon to improve the results.

Other authors applied this technique to evaluate maturity evolution during stor-
age of apples (De Belie et al., 2000) and tomatoes (Mizrach, 2007). In both cases, 
recorded data led to good predictions of the quality and proved to be an interesting 
tool to manage the storage of these products.

10.5  CONCLUSIONS

Physical properties of agricultural products provide information about the suscep-
tibility of these products to mechanical damage during pre- and postharvest pro-
cessing. This knowledge combined with new technologies will make it possible to 
indentify critical points of machines in which damage is produced. Thus, sensors for 
detecting impacts or compressions during agricultural product manipulation could 
be an interesting solution for damage prevention.

The advance in statistical analysis and the development of new high-speed com-
puters has provided the opportunity to use new technologies such as near-infrared 
spectroscopy, multi- and hyperspectral imaging analysis, magnetic resonance, and 
others for obtaining deeper knowledge of the characteristics of agricultural products. 
In addition, the main objectives of researchers have been focused on nondestructive 
and rapid techniques for quality evaluation.
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Consequently, applying information provided by these systems for the manage-
ment of agricultural products, quality and acceptability to wholesalers and consum-
ers will be improved.
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11 Measurement of Physical 
Properties of Fruits 
Using Image Analysis

José Blasco, Nuria Aleixos, 
Abelardo Gutierrez, and Enrique Moltó

11.1  INTRODUCTION

Most of the information that humans obtain from their environment is obtained by 
vision. The mechanism of human vision depends basically on the eyes, which are 
sensitive to a narrow part of the electromagnetic spectrum (wavelengths between 
400 and 700 nm that are called visible), and the brain, which is capable of interpret-
ing the scenes. It is for this reason that most applications to measure external physi-
cal properties of fruits are based on this technology.

Light coming from different sources is concentrated by a series of lenses onto a 
small area inside the eyes, called the retina, where photosensitive cells convert them 
into neural impulses that are transmitted to the brain via the optic nerve. Similarly, 
artificial vision systems are composed of a series of lenses and photodetectors (simu-
lating the eye), which turn light into electronic impulses, and an electronic micropro-
cessor to interpret such signals.

Visual information enables humans to estimate important features that are related 
to the quality of food, such as size, shape, color (which is related to the freshness of 
the products), the presence of defects (blemishes, rotten parts, etc.), texture, and so 
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forth. Visual information is also one of the first to reach the brain in the process of 
assessing quality. Moreover, it is a noncontact, nondestructive means of getting such 
information. For these reasons, automatic devices capable of acquiring and interpret-
ing images are currently a valuable tool for measuring the physical properties of food 
(Cubero et al., 2010; Sun, 2007 and 2010).

The quality of an image, namely the amount of useful information that it con-
tains, depends on two major factors: the illumination of the scene and the acquisition 
device (generally a camera).

Cameras use a set of lenses to project the light of the scene onto a photosensor. 
This photosensor produces an electronic signal which is then digitized so it can be 
transferred to the memory of a computer system, where it is processed.

In the past, video cameras produced analog signals that were digitized by an elec-
tronic card called a frame grabber. Recent electronic developments have led to new, 
compact, high-performance charge-coupled device (CCD) cameras that produce 
digital images that are immediately available for transfer by standard digital buses, 
like FireWire, Universal Serial Bus (USB), or gigabit Ethernet (GigE).

Since what we see depends on the reflectance properties of the objects in the scene 
and the illumination, the design of the illumination system for a machine vision sys-
tem must take into account the spectral range of interest and the geometrical particu-
larities of the objects to be inspected. Ideally, it has to cover all the spectral range of 
interest uniformly and illuminate the objects without shadows or specular reflections 
(often seen as bright spots in the images). However, the arrangement of the light 
sources and the geometry of the objects mean that some areas are more illuminated 
than others. This uneven illumination can be corrected during image processing, but 
it is a computationally time-consuming task.

Directional lighting in a 45º source–camera configuration is used to illuminate 
flat objects in order to prevent specular reflections toward the camera. In this case, 
the flat object is illuminated from a light source at 45º and the camera is located 
vertically (Figure 11.1).

An example of this configuration is described by Sun and Brosnan (2005) using 
two fluorescent lights in a system for the fully automated quality inspection of pizza 
bases and sauce spread. A similar configuration with four fluorescent tubes was used 
by Fernández et al. (2005) to illuminate apple discs in order to control and track 
their dehydration during frying. A similar system was later used by Pedreschi et al. 
(2006) to illuminate potato chips in a computer vision system designed to measure 
the kinetics of color changes at different frying temperatures.

However, when the objects are not flat, as in the case of quasi-spherical fruits or 
vegetables, it is normally more convenient to use hemispherical diffusers to produce 
a more uniform scattering of light to illuminate the scene (Figure 11.2). Mateo et al. 
(2006) used such a method to illuminate samples of meat from tuna fish in order to 
develop an automated inspection system as part of the search for a means to detect 
changes in the quality of the fish induced by the method of capture. A hemispheric 
integrating sphere was used by Riquelme et al. (2008) to inspect olives. Color reveals 
the quality of olives and was used to detect some skin defects. Since shadows and 
reflections disturb the correct measurement of this attribute, it was very important to 
generate homogeneous diffuse lighting.
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In the particular case of spherical objects, the interference of the light with the 
geometry of the object creates an illumination gradient. Gómez-Sanchis et al. (2008) 
proposed a methodology for correcting this effect so as to be able to image citrus 
fruits. They proposed a model for estimating the theoretical height and angle of inci-
dence of the light for each pixel in the fruit image, which could be used to perform 
mathematical correction of the illumination.

Images with enhanced contrast can be obtained by using backlight illumination 
(Figure 11.3). These kinds of images are suitable for measuring sizes or shapes because 
the contour of the objects is strongly enhanced against the background. This method 
was used by van Eck et al. (1998). In their application, aligned cucumbers appeared 
as sharply contrasted black shapes against a white background. Backlighting was 
also used by Menesatti et al. (2008) to estimate the shape of hazelnuts in order to 
discriminate among different cultivars. In this case, the system used to acquire the 
images was a flatbed scanner, not a video camera. Costa et al. (2009) estimated the 
shape of Tarocco oranges by placing the fruits laterally on an illuminated dashboard, 
thereby increasing the contrast. A metric reference mark was placed by the side of 
each fruit in order to record its size. Backlighting was also adopted by Blasco et al. 
(2009a) to perform an in-line automatic inspection of mandarin segments traveling 
over semitransparent conveyor belts. By illuminating the segments from the back-
ground, they appeared clearly silhouetted, thus facilitating the estimation of the size 
and shape by means of contour analysis. This system also enhanced the possibilities 
of detecting seeds because segments are semitransparent.

11.2  ESTIMATION OF SIZE USING IMAGE ANALYSIS

The estimation of the size of individual products can be used for quality control by 
producer companies. Moreover, knowing the size of the products that are put on the 
market is particularly important in the food industry. In some cases this is because 
the consumer is more attracted to purchasing larger products and these reach higher 
market prices. Furthermore, it is often important to package products of a similar 
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FIGURE 11.3  Example of a backlight model.
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size in order to make them more appealing or to optimize their storage. In the case 
of fresh fruits and vegetables, international quality standards establish commercial 
categories based on size.

Many image analysis techniques have been described to estimate size and they 
usually depend on the shape of the product. The features most commonly used in 
food quality evaluation are area, perimeter, length, and width.

Ni and Gunasekaran (1998) employed a computer vision system to measure the 
length of cheese shreds. The images were processed by morphological transfor-
mation algorithms such as dilation and erosion in order to smooth the image edge 
contours. Cheese shred lengths were determined from skeletonized images using 
syntactic methods. Estimation of shred lengths had an error rate below 10%. One of 
the major problems when measuring the size of objects occurs when the objects are 
touching or overlapping. Ni and Gunasekaran (2004) developed a method to detect 
these situations.

Because single images are two-dimensional representations of the scene, some-
times they do not provide enough information for accurate assessment of size; for 
instance, when objects are neither flat nor perfectly spherical. In such cases, acquisition 
of several images from different positions may help to estimate size accurately. For 
instance, Blasco et al. (2003) used four different views of Golden Delicious apples 
to measure size. They calculated the diameter from the image in which the stem was 
located nearest to the centroid of the fruit, since international quality standards state 
that the size of apples has to be measured at their equatorial part. When fruit is not 
oriented properly, the accuracy of the measurements decreases. Throop et al. (2005) 
measured the size of apples as they were transported and rotated. Linear and rota-
tional speeds were controlled in order to capture images of one complete revolution 
of each fruit. They estimated the diameter from the major axis of the apples, their 
surface, and their volume.

A different approach was taken by Moreda et al. (2007) in an automatic system for 
in-line determination of the size of nonspherical fruits like tomatoes and kiwifruits. 
They used an optical ring sensor made up of a large number of equally spaced single 
infrared emitters and receivers on a circular frame. As the fruit passed through the 
sensor, it blocked the beams of particular emitters, thus creating shadows over cer-
tain receivers. By analyzing these shadows, they estimated the size of the fruit. The 
authors concluded that the major disadvantage of this method is that the fruit needs 
to be oriented properly to achieve reliable data, because the fruit swayed to and fro 
during the measurements.

11.3  SHAPE ESTIMATION

The shape of the objects is also a determining factor in the decision of consumers to 
select one particular product instead of another. In many cases, products that do not 
meet quality standards have to be removed.

Simpler shape descriptors such as area, length, width, compactness (ratio between 
the perimeter and the area), elongation (ratio between the length and the width), and 
symmetry (similarity in the shape of two halves of an object) can be used to dis-
criminate very different shapes. The aspect ratio (ratio between the major diameter 
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and intermediate diameter) and a particular descriptor the authors called the ellip-
soid ratio were used by Sadrnia et al. (2007) to estimate the shape of watermel-
ons. Physical characteristics such as mass, volume, dimensions, density, spherical 
coefficient, and geometric mean diameter were measured. Relations and correla-
tion coefficients obtained among the above characteristics were used to classify fruit 
shape as either normal or nonstandard. Similarly, simple shape descriptors based 
on geometrical ratios have been successfully used to classify apples. Such descrip-
tors include the length/width ratio, conicity (distance of the maximum width from a 
base), squareness (ratio between the product of calyx basin width and distance of the 
maximum width from the calyx end, and the product of fruit length and fruit width) 
(Currie et al., 2000). Jarimopas and Jaisin (2008) also classified sweet tamarind pods 
by shape. A circle centered on the centroid of the pod was drawn and the radial 
distances from each point on this circle to the closest boundary point were used as 
shape descriptors.

In many food inspection applications, since objects in the scene are often posi-
tioned randomly, shape descriptors should be translation, rotation, and scale invari-
ant (Kim and Kim, 2000). Many shape description methods calculate a vector with 
features from the point boundaries. This vector is called the signature of the object. 
Signatures are normally standardized so as to be invariant to scaling and rotation 
(van Otterloo, 1992). Two of the most widely used methods to express signatures 
are distance between the centroid and boundary points as a function of angles 
(Titchmarsh, 1967), and the polar or radius signature, used by Tao et al. (1995) to 
describe the contour of potatoes or by Blasco et al. (2009a) to describe the shape of 
Satsuma segments. Beyer et al. (2002) fitted a third-order polynomial to the polar 
signature of sweet cherries, using regression coefficients to describe shape.

Since signatures are functional representations of the contour, if we consider that 
they are periodic, they can be analyzed using powerful spectral tools like Fourier 
descriptors derived from processing signatures with the Fourier transform. Estimation 
of the Fourier transform is very costly in terms of computational resources, and 
for this reason the fast Fourier transform (FFT) is normally used instead. The FFT 
is a discrete Fourier transform algorithm that reduces the number of computations 
needed for N points from 2N2 to 2Nlog2N (Bracewell, 1999). Tao et al. (1995) clas-
sified potatoes from the first 10 harmonics of the radius signature using the inverse 
FFT. Currie et al. (2000) also developed Fourier descriptors to classify apples by 
shape. Principal component analysis was used to select the Fourier descriptors.

Wavelets are mathematical functions that cut data into different frequency com-
ponents and study each component with a solution that is matched to its scale. They 
have the advantage over Fourier methods because they can analyze signals with dis-
continuities and sharp points (Ohm et al., 2000). Moreover, in Fourier analysis the 
spatial locations of the frequency components of the image are lost. Discrete wavelet 
descriptors have been proposed to analyze contour signatures, often implemented 
as a windowing technique, in which a variable spatial and frequency window is 
employed to reveal the frequency contents at each location on the image. Choudhary 
et al. (2008) employed discrete wavelet transforms for the classification of different 
types of grains (wheat, barley, oats, and rye) using 51 morphological, 123 color, and 
56 textural features. Iwata et al. (2000) studied the genetic variation of the shape of 
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the root of different varieties of radish in order to analyze the mode of inheritance. 
They used principal component analysis to select the best Fourier descriptors.

11.4  VOLUME AND MASS ESTIMATION

One of the most cited methods for estimating the volume and surface of agricultural 
products consists of assuming that the volume can be partially approximated by one 
or several surfaces of revolution. Thus, the contour of the fruit is extracted from dif-
ferent projections, divided into sections, and then revolved around an axis of inertia. 
Sabliov et al. (2002) used this method to estimate the volumes of eggs, peaches, 
lemons, and limes. This work was later enhanced by Wang and Nguang (2007) for 
eggs, lemons, limes, and tamarillos.

Koc (2007) compared two methods of volume estimation with the volume calcu-
lated by water displacement. Assuming that watermelons are ellipsoids, their volume 
was calculated from the length, major diameter, and minor diameter obtained from 
two different images. The length and major diameter of each watermelon were mea-
sured from the first image, and the minor diameter was measured from an image 
acquired after rotating the fruit 90° around its longitudinal axis. The second method 
was similar to the ones described in the previous paragraph (approximation to sev-
eral surfaces of revolution). This latter method did not show significant statistical 
differences with volume estimation by water displacement.

Du and Sun (2006) compared two methods to estimate the volumes of ham. One 
was based on the calculation of three principal dimensions (length, width, and thick-
ness) in order to estimate surface area and volume mathematically. The other divided 
the ham into a number of sections and assumed surfaces of revolution, and then 
added the estimated surface area and volume of each section to obtain the total vol-
ume. This method produced better results than the previous one.

A simpler approach, based on empirical data, was the one described by Ngouajio et 
al. (2003), who generated a model to relate bell pepper diameter and length to volume, 
using the equation of the volume of a sphere as the starting point. They also showed 
that the method was comparable to measurements performed by water displacement.

Tao et al. (1999) developed an adaptive spherical transform and applied it in an 
apple sorting system. They used a model to compensate the reflectance intensity 
gradient on curved objects that can be applied to volume estimation. Similarly, 
Gómez-Sanchis et al. (2008) created 3D models from 2D images of mandarins. They 
calculated the centroid of the mandarin and its distance to 16 equidistant points on 
the contour. Assuming that the height of the fruit is proportional to the average dis-
tance (the constant of proportionality being dependent on the variety), they estimated 
the top point of the fruit. They then traced semi-ellipses connecting this point with 
the 16 selected points on the contour, thus constructing an interpolation network. 
From these ellipses, the estimated height of each point in the fruit projection was 
calculated, thereby composing a volume as shown in Figure 11.4. In the study of 
Tabatabaeefar et al. (2000) volume estimation is the first step to estimate mass. They 
proposed different regression models for predicting the mass of oranges from their 
dimensions and projected areas. They also estimated volume by assuming that fruits 
were ellipsoids, which offered a better prediction of the mass.
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11.5  COLOR ESTIMATION

Color is one of the most important attributes of agrifood products, since consum-
ers associate it with freshness. Producers strive to prevent products with defective 
colorations from reaching the market, as well as ensure that individual products are 
packed in batches with a similar color. It is also important to measure how posthar-
vest treatments affect the color of fruits.

The degree of ripeness of some fruits is often estimated by color charts. 
Colorimeters are electronic devices that express colors in numerical coordinates, 
CIELAB being the one that is most frequently employed for food. CIELAB coordi-
nates are L* (luminosity), a* (green to red), and b* (blue to yellow). Sometimes stan-
dard indexes combine these coordinates in one single ratio that is easier for operators 
to handle. For instance, the color index in the citrus industry is used to determine 
the harvesting date or to decide if mandarins should undergo a degreening treat-
ment (Jiménez-Cuesta et al., 1981). Color indexes of tomatoes and their relationship 
to visual color classification were compared by López Camelo and Gómez, (2004). 
Different feature indexes using HSI (hue, saturation, intensity) and CIELAB color 
coordinates were employed.

However, colorimeters are limited to the measurement of small regions of a sur-
face or when the object has a homogeneous color. However, still or video cameras 
can provide images in which the colors of the pixels are determined individually.

The color of a particular pixel in an image is expressed by three coordinates in a 
color space. The primary colors red, green, and blue (RGB) are the most widely used 
in computer vision. When inspected objects have very different colors, sometimes 
simple ratios between RGB values can discriminate between them, thus saving pro-
cessing time. For instance, Blasco et al. (2009b) used the R/G ratio to discriminate 
four categories of pomegranate arils, reaching a success rate similar to the ones 
obtained by visual inspection.
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The mayor drawback of RGB is its dependency on the acquisition device (differ-
ent devices produce different RGB values for the same pixels in a scene). For this 
reason, other color spaces, closer to the human perception of color are frequently 
employed, like HSI. Blasco et al. (2007) compared five color spaces for the identifi-
cation of external defects in citrus fruits and obtained better results with HSI. Both 
RGB and HSI were used by Xiaobo et al. (2007) to classify Fuji apples into four color 
categories. Frequently, individual HSI coordinates provide a simple means of color 
segmentation. Abdullah et al. (2006) converted RGB into HSI coordinates, and used 
the H component to classify starfruits into four maturity categories.

However, RGB and HSI are nonuniform color spaces. This means that the same 
numerical distance between two colors in these spaces may produce distinct differ-
ences of human perception depending on the position of such colors in the space. 
Uniform spaces like CIELAB or HunterLab define distances that produce the same 
differences in perception regardless of the position of the colors, and for this reason 
they are very well suited for color comparison. Several works have compared differ-
ent color spaces, the conclusion being that the most appropriate for measuring fruit 
color is L*a*b* (Mendoza et al., 2006; Leon et al., 2006).

Simple algorithms based on a single L*a*b* coordinate have been used for the 
classification of fruits with a characteristic skin color. The a* coordinate was used 
by Liming and Yanchao (2010) to grade strawberries and the machine vision system 
achieved a success rate of 89%. Hue angle and chrome are color features derived 
from the previously mentioned uniform spaces. Kang et al. (2008) quantified the 
effect of the curvature of the skin on the calculation of hue angle and chrome of 
mangoes and demonstrated that hue provided a valuable quantitative description of 
the color and color changes of individual fruit and heterogeneous batches.

11.6  TEXTURE ASSESSMENT

The texture of an image takes into account color and space relationships between 
neighboring pixels in order to characterize similar regions in an image. Texture has 
been increasingly used for evaluating and inspecting food attributes (Zheng et al., 
2006).

López-García et al. (2010) proposed a multivariate image analysis method that 
combined color and texture information for the detection of skin defects in four cul-
tivars of citrus. For this purpose, they used the RGB values of each pixel and those 
of their neighborhood at different scales in a principal components model.

Color co-occurrence matrices (CCMs) and their derived numerical features are 
a common way to describe texture. A 2D color image can be considered as a set of 
pixels that carry visual attributes measured in a 3D color space that may have spa-
tial relationships. Different co-occurrence matrices represent these attributes and 
their relationships. Because co-occurrence matrices are typically large and sparse, 
various metrics of the matrix are often a more useful set of features (Haralick et al., 
1973). Pydipati et al. (2006) used this method to determine whether texture-based 
HSI color features could be used in conjunction with statistics to identify diseased 
and normal leaves of citrus trees under laboratory conditions. A similar method was 
described by Zhao et al. (2009) to discriminate sound skin and five other different 
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types of skin in grapefruit from images acquired under a microscope. These color 
texture features were also used by Kim et al. (2009) to detect citrus peel diseases. 
ElMasry et al. (2007) assessed ripeness of strawberries from pseudo-RGB images. 
Menesatti et al. (2009) used contrast, homogeneity, angular second moment, and 
correlation features extracted from grey-level co-occurrence matrices (GLCM) to 
assess the starch content of apples. Visible and near-infrared (NIR) (1000–1700 nm) 
images were used.

Other approaches use fractal texture features derived from spectral Fourier 
analysis. For instance, Quevedo et al. (2008) employed them to follow the ripening 
process of bananas, which is related to the distribution of the senescence spotting 
of the peel.

11.7   DETECTION OF STEM ENDS, CALYXES, 
AND EXTERNAL DAMAGES

Detection of superficial damage during the production process is one of the major 
interests of the food industry. Traditionally, this task is performed by trained workers 
situated around a conveyor belt that carries the product, and defective products are 
removed from the conveyor belt manually. This task is tedious and subjective, since 
different operators have different tolerances. The most widely extended solution to 
automate this task comes from the use of artificial vision, but the correct detection of 
all potential cases of damage is still a challenge due to the great diversity of colors, 
sizes, and textures that can be present.

A particular difficulty hampering the proper identification of true defects of fruits 
is the confusion with other natural parts of the fruits like the stem or the calyx. Many 
researchers have used morphological processing for this purpose. For instance, Li et 
al. (2002) searched for concave areas with a method based on fractal dimensions and 
neural networks (NN).

Sometimes, different spectral bands can be used to discriminate between stem/
calyx and defects. Bennedsen and Peterson (2005) reported a machine vision 
system for sorting apples by surface defects, including bruises. The system was 
applied to apples oriented with the stem/calyx axis perpendicular to the camera. 
Grey-scale images in the visible wavebands were used to verify orientation. Images 
for detection of defects were acquired using two optical filters at 740 and 950 nm. 
Six consecutive images were acquired while the fruit was rotated through 360°. 
Xing et al. (2007) identified several visible and NIR wavelengths that could be 
used to discriminate the stem end and calyx from sound peel and bruises in apples 
by means of a hyperspectral system. They used principal components analysis 
(PCA) to reduce the highly dimensional spectral reflectance data to a few optimal 
wavebands. Unay and Gosselin (2007) used different visible and NIR interfero-
metric filters to recognize stem ends and calyxes in sound and defective Jonagold 
apples. NIR filters overcome the problem posed by the fact that this cultivar has a 
variegated red and yellow surface that makes it more difficult to detect skin dam-
age by using standard color images.
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11.8  REAL-TIME INSPECTION OF FRUIT

One of the main interests in the use of machine vision for detecting defects in fruits is 
the development of automatic systems that can operate in-line and thus assist or replace 
human inspection. When inspecting agricultural products in-line, special equipment 
has to be used since they travel at a high speed and cameras must freeze this move-
ment to avoid blurring. Progressive-scan cameras with high shutter speeds decrease 
this effect by reducing the exposure time of the CCD. As the shutter speed increases, 
the intensity of the lighting must be increased in order to avoid underexposure.

Several authors have described real-time systems for inspecting different types 
of fruits. The mechanical implementation of each application depends on the size, 
shape, and resistance of each particular product. Díaz et al. (2000) designed a system 
to sort Manzanilla olives into four categories at a rate of 396 olives per second.

Sometimes nonstandard processing hardware is required to achieve real-time 
specifications. Aleixos et al. (2002) presented a multispectral camera capable of 
acquiring visible and NIR images from the same scene. They used specific algo-
rithms that were implemented on two processors that worked in parallel. The system 
was capable of correctly classifying lemons and mandarins at a rate of up to 10 fruits 
per second, depending on the area of the external defects and the size and color of 
the fruit.

Fruit sorting systems often require observation of the whole surface of the fruit. 
To achieve this, sorters rotate the objects under the camera as they advance. Others 
use several cameras to acquire different views of the product, or mirrors to obtain 
different views with a single camera (Reese et al., 2009). Leemans and Destain 
(2004) presented a hierarchical grading method for Jonagold apples. Several images 
covering the whole surface of the fruits were acquired while they moved on rollers 
at 1.53 Hz by two cameras, whose acquisition rate was 11.1 images per second. The 
rotational speed of the rollers was adjusted in such a way that a spherical object hav-
ing a diameter of 72 mm completed one rotation in exactly four images. After seg-
mentation, blemishes were characterized by 16 features describing their color, shape, 
texture, and position. Fruits were correctly graded with a 73% success rate.
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12.1  INTRODUCTION

Vegetables	are	one	of	the	most	important	foods	in	the	world.	Their	marketing	is	
very	complex	because	there	are	great	differences	among	vegetables.	In	some	cases	
the	fruits	are	marketed	but	in	other	cases	the	products	marketed	are	their	leaves,	
their	bulbs,	their	tubers,	their	roots,	or	the	whole	of	the	plant.	As	most	vegetables	
are	consumed	fresh	by	people,	it	is	absolutely	necessary	to	ensure	sufficient	quality	
for	them.	Vegetable	quality	should	be	characterized	as	global	quality,	taking	into	
account	all	the	characteristics	of	the	food	and	according	to	the	preferences	of	the	
consumers.	The	term	quality	implies	the	degree	of	excellence	of	a	product	or	its	
suitability	for	a	particular	use.

It	is	possible	that	the	organoleptic	characteristics	should	be	the	most	important	
to	characterize	vegetable	quality,	but	the	physical	characteristics	are	for	consumers	
to	evaluate	and	many	of	them	can	be	evaluated	before	trying	the	product.	For	these	
reasons	it	is	possible	to	state	that	physical	characteristics	are	the	most	important	
ones	for	vegetable	marketing.	Because	of	 the	great	variability	of	vegetables	and	
because	of	 the	different	ways	of	eating	 them,	 fresh	or	cooked,	 there	are	a	great	
number	of	features	characterizing	vegetable	quality.	It	is	possible	to	highlight	geo-
metric	characteristics	as	size	and	shape,	dynamic	characteristics	as	density,	optical	
as	color,	and	textural	as	firmness	or	mealiness.	In	addition,	some	of	the	physical	
properties	of	vegetables	 affect	 their	 ability	 to	be	harvested	mechanically	or	 are	
related	to	their	maturity	and	can	be	used	to	select	the	moment	for	collecting	them	
and	also	affect	their	conservation	potential.	Some	of	these	characteristics	are	eas-
ily	characterized	using	objective	methods,	but	others	have	been	usually	evaluated	
using	sensory	methods.

Novel	marketing	techniques	make	it	necessary	to	properly	characterize	vegeta-
bles,	to	improve	their	global	quality,	and	to	ensure	that	all	vegetables	marketed	have	
a	minimum	quality	level.	Thus,	it	is	necessary	to	develop	quick,	inexpensive,	objec-
tive,	and	nondestructive	methods	 to	be	 installed	 in	 the	vegetable	selection	chains.	
Novel	measurement	techniques	are	necessary	to	evaluate	parameters	characterizing	
physical	properties	of	vegetables.

There	are	different	characteristics	determining	the	quality	of	different	vegetables.	
Tomato	quality	can	be	characterized	by	flavor,	firmness,	deformability,	mealiness,	
color,	acidity,	size,	or	shape.	The	most	important	features	for	peppers	can	be	color,	
size,	shape,	and	piquancy.	Potato	and	onion	quality	can	be	diminished	during	the	
conservation	 process	 and	 quality	 reduction	 can	 be	 characterized	 by	 weight	 loss,	
damages,	and	sprouting.

12.2   MEASURING PHYSICAL CHARACTERISTICS 
OF VEGETABLES ON-LINE

The	physical	characteristics	affecting	vegetable	quality	are	geometric	and	dynamic	
features.	Among	the	geometric	characteristics	it	 is	possible	to	emphasize	size	and	
shape,	and	among	the	dynamic	features,	weight.	There	are	some	parameters	charac-
terizing	these	features	such	as	volume,	width,	length,	height,	diameter,	and	specific	
gravity	or	density.
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All	parameters	related	to	vegetable	quality	should	be	measured	accurately	enough	
and	the	devices	used	to	measure	them	should	be	installed	on-line	to	evaluate	veg-
etable	quality	and	to	sort	the	vegetables	in	real	time.

12.2.1  Size and Shape

For	determination	of	the	quality	of	agricultural	produce,	size	and	shape	are	neces-
sary	because	they	are	primary	parameters.	The	major	problem	is	that	agricultural	
products	have	large	variability	in	size	and	shape.

Fruit	size	can	be	characterized	by	means	of	physical	parameters	such	as	vol-
ume,	weight,	diameter,	circumference,	projected	area,	or	any	combination	of	these	
(Peleg,	1985).	The	fruit	volume	can	be	used	to	index	ripeness	to	predict	optimum	
harvest	time	(Hahn	and	Sanchez,	2000)	or	to	predict	yield	(Mitchell,	1986).	Fruit	
size	determination	allows	 the	sorting	of	 fruits	 into	size	groups,	 its	classification	
into	batches	of	uniform	size,	and	it	allows	pattern	packing.	Grading	of	fruits	into	
size	groups	 is	often	necessary	 in	 the	 food	 industry	 to	meet	 the	 requirements	of	
some	 processing	 machines	 or	 to	 assign	 process	 differentials	 of	 large	 and	 small	
produce.	Peeling	machines	in	artichoke	canning	factories	require	correctly	sized	
vegetables	to	work.

Sizers	can	be	classified	into	two	categories,	those	based	on	weight	and	those	based	
on	dimensions,	the	latter	referring	to	maximum	diameter,	volume,	axes,	projected	
area,	and	perimeter	measurements.	The	United	States	and	the	European	Community	
marketing	standards	have	ruled	that	the	size	is	defined	by	the	fruit	diameter	or	the	
maximum	 diameter	 in	 the	 equatorial	 section,	 respectively.	 However,	 packers	 can	
use	weight	sizers	for	vegetables	when	there	is	a	relationship	between	diameter	and	
weight	or	volume.

12.2.2  Volume

Geometric	characteristics	of	vegetables	are	usually	measured	by	means	of	calipers.	
These	methods	can	be	accurate	enough,	but	they	are	slow	and	costly.	In	most	of	the	
cases,	precise	measurement	of	the	geometric	parameters	is	not	essential,	but	it	is	nec-
essary	to	sort	vegetables	according	to	their	size	in	the	selection	chain.	The	measure	
on-line	of	the	size	has	to	be	nondestructive,	quick,	inexpensive,	and	accurate	enough.	
Some	sorting	devices	are	based	on	weight,	and	there	are	devices	based	on	volume	
measurement	that	usually	involve	computer	imaging.

The	reference	method	for	measuring	the	volume	of	vegetables	is	by	water	dis-
placement	based	on	Archimedes’	 principle.	Mosehnin	 (1970)	developed	 a	meth-
odology	based	on	 this	principle.	 In	situations	where	 fruit	growth	continues,	 it	 is	
preferable	 to	estimate	fruit	volume	by	air	displacement	using	an	air	pycnometer.	
This	 is	 because	 submerging	 fruits	 in	 water	 can	 make	 them	 more	 susceptible	 to	
subsequent	 fungal	 attack.	 Air	 pycnometers	 are	 based	 on	 the	 ideal	 gas	 (Boyle-
Mariotte)	law.	The	main	disadvantage	of	these	instruments	is	the	long	measuring	
time.	Iraguen	et	al.	(2006)	designed	a	portable	air	pycnometer	to	measure	the	vol-
ume	of	grape	clusters	attached	to	vine	plants.	This	method	can	be	used	to	measure	
most	vegetables.
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Recently,	novel	techniques	to	measure	vegetable	size	have	been	developed.	These	
techniques	are	nondestructive	and	can	be	used	in	sorting	chains.

Gall	(1997)	developed	an	optical	ring	sensor	system	to	measure	fruit	and	vegetable	
size.	The	ring	sensor	consists	of	a	number	of	single	emitters	and	receivers	arranged	
alternately	and	spaced	equally	on	the	circumference	of	a	circle	(ring).	The	emitters	
and	 receivers	 have	 a	 Lambertian	 angular	 response.	 The	 emitters	 are	 switched	 in	
sequence	round	the	ring.	From	one	activated	transmitter,	the	signal	to	each	optical	
receiver	can	be	likened	to	a	snapshot.	It	is	a	light-blocking-based	system.	When	the	
inner	space	of	the	ring	is	clear,	every	receiver	detects	the	light	emitted	by	the	acti-
vated	transmitter	owing	to	the	Lambertian	response	of	all	the	transducers,	but	when	
an	object	 is	 introduced	 in	 the	 ring,	 a	 shadow	zone	 appears,	 corresponding	 to	 the	
receivers	being	obscured	from	the	activated	transmitters,	as	shown	in	Figure 12.1.	
The	two	closest	noninterrupted	paths,	which	are	cords	in	the	ring	circle,	can	be	used	
to	describe	the	curvature	of	the	object.	After	a	scanning	revolution	of	the	ring	when	
there	is	a	static	object	within	the	scanned	area,	a	basic	picture	showing	all	cords,	
including	the	cross	section	of	the	object,	is	obtained.	The	information	is	coded	in	an	
array	Z	whose	size	in	the	two-dimensional	case	is	equal	to	the	number	of	transmit-
ters.	The	ring	sensor	can	be	used	to	measure	volume,	length,	position	of	the	largest	
slice	of	an	object,	the	major	and	the	minor	axes	of	the	largest	and	the	middle	slice,	
the	circumferences	in	the	crosswise	section,	and	mass	if	the	density	is	known	or	den-
sity	if	the	mass	is	known.	It	can	be	used	in	plant	breeding	in	the	vegetable	industry.	
Gall	et	al.	(1998)	used	this	ring	sensor	to	measure	the	size	of	potatoes.	The	ring	circle	

Transmiter

Receiver

FIGURE 12.1  Ring	sensor.



Novel Measurement Techniques of Physical Properties of Vegetables 257

was	segmented	into	definite	elements:	triangles	and	segments	of	a	circle	as	shown	
in	Figure 12.2.	The	cross-sectional	area	of	the	potato	is	computed	as	the	difference	
between	the	area	of	the	circle	encompassed	by	the	ring	and	the	sum	of	the	triangles	
and	segments	of	the	circle	that	comprise	the	gap	between	the	object’s	contour	and	
the	ring	(Equation	[12.1])

	 A	=	πr2	–	Σ	(AT	+	AC)		 (12.1)

where	A	is	the	area	of	the	fruit	cross-section,	r	is	the	ring	radius,	AT	is	the	area	of	a	
triangle,	and	AC	is	the	area	of	the	segment.

The	volume	of	the	potatoes	can	be	measured	by	extending	the	algorithms	into	3D	
space.	The	ring	sensor	was	used	to	measure	the	cross-section	area,	the	volume,	and	
the	length	of	the	major	axes	of	the	potatoes.

A	practical	test	was	made	using	a	ring	consisting	of	64	transmitters	and	64	receiv-
ers	built	by	Argus	Electronic	(1997).	The	rings	diameter	is	175	mm	with	a	scanning	
rate	of	400	revolutions	per	second.	The	test	was	performed	on	12	different	potatoes	
passing	through	the	ring	at	a	constant	speed	of	1.0	m	s−1.	Each	potato	was	measured	
50	times	using	different	positions	in	the	ring.

The	accuracy	of	 the	 ring	depends	on	 the	number	of	 transmitters	and	 receivers	
and	the	size	of	the	object.	The	error	in	determination	of	the	diameter	and	the	area	
decreases	as	the	diameter	of	the	cross	section	increases.	The	error	in	determination	
of	the	volume	decreases	as	the	volume	of	the	potatoes	and	the	number	of	transmitters	
and	receivers	increase.	The	accuracy	of	the	ring	sensor	is	better	than	6%	for	potatoes	

Transmiter

Receiver
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AC

FIGURE 12.2  Segmentation	of	the	ring	sensor	into	triangles	and	segments	of	a	circle.
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having	a	volume	larger	than	70	cm3	and	5%	for	potatoes	having	a	volume	larger	than	
100	cm3.	The	ring	sensor	is	able	to	scan	3.6	tons	per	hour.	The	current	mechanical	
size-grading	systems	for	potatoes	can	process	10	tons	per	hour	but	with	an	accuracy	
of	only	10–30%.

Moreda	 (2004)	 used	 an	 optical	 ring	 sensor	 system	 to	 estimate	 the	 volume	 of	
cucumbers	and	zucchinis.	The	measures	were	achieved	at	high	speed,	up	to	2	m/s.	
The	system	generates	an	enveloping	helix	used	to	estimate	the	fruit’s	length,	volume,	
and	major	and	minor	axes	of	two	particular	cross	sections.	Fruit	volume	is	calcu-
lated	by	summing	the	individual	products	of	the	cross-section	areas	multiplied	by	
the	helix	pitch.	Moreda	obtained	a	root	mean	squared	error	(RMSE)	of	26	ml	(root	
mean	square	error	of	prediction	 [RMSPE]	=	5.8%)	 for	volume	estimation	of	zuc-
chini.	Moreda	et	al.	(2007)	analyzed	the	effect	of	fruit	orientation	on	the	precision	
of	 measurements	 of	 tomato	 volume	 obtained	 using	 the	 optical	 ring	 sensor.	 They	
concluded	that	random	orientation	negatively	affected	the	precision	of	volume	mea-
surements	owing	to	the	swinging	movement	of	the	fruit	when	crossing	the	optical	
ring	sensor.	Using	a	feeder	longer	than	2	m,	the	tomatoes	would	arrive	completely	
stabilized	to	the	ring	sensor	and	the	errors	would	decrease.	The	ring	sensor	method	
is	the	most	versatile	of	the	systems	to	measure	size	based	on	measuring	the	volume	
of	the	gap	between	the	fruit	and	an	outer	casing	because	it	can	measure	fruit	axes	
in	addition	to	volume.	This	method	requires	oriented	fruits	for	axis	measurements	
but	not	for	volume	measurements.	In	the	case	of	zucchini,	and	owing	to	their	length,	
correct	orientation	is	necessary	to	accurately	measure	volume,	but	this	correct	orien-
tation	is	easy	to	achieve	using	angled	belts.

Iwamoto	 and	 Chuma	 (1981)	 described	 an	 optoelectronic	 system	 based	 on	 the	
blocking	 of	 light	 that	 measures	 the	 horizontal	 width	 of	 fruits	 in	 the	 direction	 of	
movement.	It	consists	of	a	conveyor	and	a	couple	of	transmitters	and	receivers	placed	
at	opposite	sides	of	the	conveyor	where	the	fruits	are	placed.	When	a	fruit	passes	
through	the	system,	the	light	path	is	blocked.	For	a	certain	conveyor	speed,	the	fruit	
width	is	proportional	to	the	duration	of	the	light	blocking.	This	system	can	be	used	
for	oblate	fruits	such	as	conventional	beefsteak	tomatoes	because	they	have	a	clear	
resting	stability	position	when	tossed	in	a	horizontal	position	on	a	horizontal	surface,	
and	because	the	equatorial	diameter	determines	size,	according	to	most	marketing	
standards.	However,	this	system	cannot	measure	fruit	height.

Hahn	and	Sanchez	(2000)	measured	the	volume	of	carrots	using	integrated	imag-
ing	areas	and	orthonormal	imaging.	In	the	first	case,	the	volume	algorithm	added	the	
integration	areas	from	the	106	different	images	taken	of	the	fruit.	The	volume	from	
each	slice	was	the	area	of	the	slice	multiplied	by	the	cylinder	length	and	the	volume	
of	the	carrot	was	the	sum	of	the	106	carrot	slices.	In	the	second	case,	a	simpler	algo-
rithm	especially	designed	 for	 carrot	volume	evaluation	used	only	 two	orthogonal	
images.	The	entire	volume	can	be	obtained	after	adding	n	parallel	discs,	where	n	
is	the	number	of	columns	present	along	the	other	orthonormal	image	(main	carrot	
length	axis).	Each	disc	size	varied	according	to	its	respective	column	height.	The	real	
volume	of	carrots	was	obtained	using	a	system	based	on	Archimedes’	principle	and	
compared	with	the	volume	predicted	using	the	two	different	algorithms.	Correlation	
coefficients	of	0.985	and	0.986	were	achieved	between	the	real	and	predicted	volume	
values	using	the	area-integrating	and	the	orthonormal	algorithms,	respectively.	The	
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time	required	for	predicting	the	volume	with	the	area-integrating	algorithm	was	2.5	
and	3	s	for	carrots	25	and	35	cm	long,	respectively.	The	orthonormal	algorithm	spe-
cially	designed	for	carrot	measurements	worked	well	with	only	two	images,	allowing	
a	quicker	measurement	of	volume.

Novel	measuring	techniques	based	on	two-dimensional	machine	vision	have	been	
used	on	vegetables.	Sarkar	and	Wolfe	(1985)	developed	algorithms	using	digital	image	
analysis	and	pattern	recognition	techniques	for	orientation	of	fresh	market	tomatoes	
and	classification	based	on	size,	shape,	color,	and	surface	defects.	For	shape	and	size	
assessment,	 they	 selected	 the	perimeter	of	 the	 tomato	profile	 image	because	 they	
had	 found	 that	perimeter	and	area	correlated	equally	well	with	 the	mean	equato-
rial	diameter,	and	that	perimeter	measurements	were	computationally	less	expensive	
than	area	measurements.	They	classified	the	tomatoes	in	three	categories	according	
to	size	with	an	overall	error	rate	of	5.6%.	The	tomatoes	were	classified	as	normal	or	
abnormal	according	to	their	shape,	and	the	error	was	2.1%.	The	mean	gray	level	of	
the	tomato	was	used	as	a	measure	of	color.	The	tomatoes	were	classified	as	green	
and	red	and	the	error	was	of	0.7%.	The	orientation	of	the	tomatoes	was	determined	
using	the	ratio	of	maximum	to	mean	gray	value	within	the	centralized	region	of	the	
tomatoes.	As	the	stem	scars	are	usually	lighter	than	tomato	skin,	the	ratio	is	higher	
for	stem	ends	than	for	blossom	ends.	The	error	in	the	orientation	detection	was	3.1%.	
Blossom-end	defects	were	detected	by	defining	a	global	ray	level	threshold	to	dis-
criminate	between	defective	and	normal	 skin	pixels.	This	 threshold	was	 found	at	
the	valley	of	 the	bimodal	cumulative	histogram	formed	by	adding	the	histograms	
of	defective	and	nondefective	blossom-end	images.	The	error	in	the	detection	of	the	
blossom-end	defects	was	7.6%.	Stem-end	defects	were	detected	by	defining	a	thresh-
old	in	the	gradient	image	after	enhancing	the	contrast	of	the	raw	image	using	a	gradi-
ent	operator.	The	error	in	the	detection	of	the	stem-end	defects	was	6.3%.	Therefore,	
digital	image	algorithms	are	effective	in	classifying	tomatoes	based	on	size,	shape,	
and	color,	for	determining	its	orientation,	and	for	detecting	its	defects.

The	fruit	size	is	mainly	characterized	by	the	equatorial	or	transverse	diameter	and	
the	polar	diameter	or	length.	The	reference	method	to	measure	these	diameters	is	the	
caliper.	Owing	to	the	odd	shapes	of	horticultural	produce,	there	are	several	possible	
equatorial	 and	polar	diameters	on	 the	 same	 fruit.	Marchant	 (1990),	 using	dimen-
sional	analysis,	stated	that	for	a	solid	of	fixed	shape,	any	size	measure	is	proportional	
to	volume.	He	stated	that	the	volume	of	potatoes	was	equivalent	to	the	quotient	of	the	
square	of	the	projected	area	and	the	length	of	the	potatoes.	He	assumed	that	tubers	
had	a	constant	density	and	developed	a	system	to	estimate	 the	weight	of	potatoes	
based	on	this	proportionality.	The	system	uses	a	roller	conveyor	without	singulation	
across	the	line.	The	potato	weight	was	estimated	from	12	images	that	were	captured	
as	the	tubers	rolled	along	the	conveyor.	Marchant’s	system	achieved	an	RMSE	for	
the	estimated	weight	of	14.2	g	(Marchant	et	al.	1989)	equivalent	to	an	RMSPE	of	7%	
of	the	mean	tuber	weight,	which	was	200	g.	Because	they	assumed	that	the	density	
is	constant,	the	relative	error	for	the	estimation	of	the	volume	of	potatoes	was	7%.	
The	system	by	Marchant	has	a	throughput	of	up	to	40	tubers/s	and	has	been	tested	
on-line.	Forbes	and	Tattersfield	(1999)	developed	another	system	to	estimate	potato	
volume.	A	machine	vision	algorithm	estimated	fruit	volume	from	2D	digital	images.	
The	method	included	a	neural	network,	is	rotationally	invariant,	and	does	not	require	
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conveyor	mechanisms	to	align	the	potatoes.	It	can	be	mounted	in	independent	lines.	
The	RMSPE	achieved	by	 them	 for	 estimating	 the	volume	of	potatoes,	 using	 four	
images,	was	5.3%	(Forbes,	2000).	The	system	by	Marchant	has	a	higher	throughput	
than	the	one	by	Forbes	and	Tattersfield.	It	is	apparently	cheaper	than	the	Forbes	sys-
tem	because	it	only	uses	one	camera,	whereas	the	Forbes	system	uses	four	cameras.	
Teneze	et	al.	(1989)	developed	an	image	analysis	system	to	identify	French	beans	and	
to	eliminate	as	many	undesirable	objects	as	possible	during	bean	collection.

Hryniewicz	et	al.	(2005)	developed	a	contactless	system	for	3D	surface	modeling.	
It	uses	two	Internet	cameras	with	a	slide	projector	as	an	independent	light	source.	
The	methodology	is	based	on	the	assumption	that	most	of	the	fruits	have	circular	
cross	sections	and	therefore	only	applies	to	such	fruits.	Circular	cross	sections	were	
assembled	to	reconstruct	the	surface	of	carrots	and	tomatoes.	The	software	calcu-
lates	 the	 middles	 and	 radiuses	 in	 3D,	 based	 on	 rectified	 images.	 The	 system	 can	
also	be	used	for	volume	and	mass	calculation.	The	carrot	dimensions	obtained	by	
them,	using	this	device,	were	similar	to	reality.	The	device	accuracy	was	checked	
with	100	apples	and	70	tomatoes	with	known	max	diameters,	which	were	classified	
with	100%	success,	according	 to	 the	5%	fruit	max	diameter	 tolerance	defined	by	
European	Commission	Regulations	(2001).	The	5%	device	tolerance	is	sufficient	for	
the	setup	to	be	implemented	as	the	grading	device.	The	system	could	be	improved	by	
obtaining	stereo	pair	images	from	different	stations	or	viewpoints.	The	device	devel-
oped	by	them	could	be	a	universal	tool	for	collecting	information	about	vegetable	
quality	during	the	growing	season.

Lee	et	al.	(2006)	used	the	volume	intersection	(VI)	method	to	measure	surface	
area	and	volume	of	fresh	produce	having	irregular	shapes,	such	as	tomatoes.	This	is	a	
nondestructive	method	that	studies	the	fruit	shape	from	silhouettes.	Two-dimensional	
silhouettes	are	obtained	by	taking	pictures	of	the	fruit	from	different	directions	by	
rotating	the	fruit	at	a	fixed	angular	interval.	The	silhouettes	and	the	viewpoints	form	
cones	and	the	intersection	of	these	cones	form	a	region	that	surrounds	the	fruit.	By	
working	with	 several	 silhouettes	 taken	 from	different	 viewpoints,	 the	 region	will	
approximate	the	shape	of	the	fruit.	The	region	obtained	reconstructs	the	3D	shape	
of	the	fruit	owing	to	virtual	small	cubes	called	cubic	pixels.	These	authors	did	not	
use	 several	 cameras,	but	placed	 tomatoes	on	a	 turntable.	The	 turntable	 rotated	at	
a	fixed	angular	 interval	and	a	fixed	camera	generated	 the	silhouettes	 from	differ-
ent	directions.	A	mathematical	model	was	developed	to	calculate	surface	area	and	
volume,	and	each	silhouette	was	 treated	as	a	cross	section	of	 the	 tomato	 taken	at	
a	specific	angular	position.	The	accuracy	of	 the	method	was	assessed	by	compar-
ing	the	obtained	results	with	the	ones	obtained	using	a	reference	method	based	on	
Archimedes’	 principle.	 The	 system	 provides	 a	 measurement	 calibration	 accuracy	
adjustment	by	using	objects	with	known	surface	area	and	volume.	The	precision	of	
the	method	depended	on	the	angular	interval	of	the	imaging	system	as	well	as	on	the	
concavities	of	the	fruit	examined.	For	apples,	they	obtained	an	RMSE	of	6	ml	and	
a	RMSPE	of	1.9%,	but	apples	have	fewer	concavities	than	tomatoes.	For	tomatoes,	
the	average	surface	area	measurement	and	volume	difference	stayed	within	2%	and	
4%,	respectively.	The	method	is	easy	and	cheap	because	it	uses	only	one	camera.	
Compared	with	the	traditional	methods,	it	is	fast	and	accurate,	although	it	requires	
some	time	for	turning	the	turntable.
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The	systems	based	on	2D	machine	vision	have	the	advantage	that	they	can	clas-
sify	vegetables	according	 to	surface	color	and	external	defects	 in	addition	 to	size	
and	shape.	A	limitation	of	the	applicability	of	this	technique	to	horticultural	produce	
inspection	could	be	the	appearance	of	reflections	that	tend	to	saturate	charge-cou-
pled	devices	(CCD)	and	complementary	metal-oxide	semiconductor	 (CMOS)	sen-
sors	of	video	cameras.	This	limitation	could	be	eliminated	by	using	indirect	lighting,	
and	where	necessary,	by	mounting	filters	in	the	optics	of	the	video	camera.	Another	
option	would	be	the	utilization	of	charge	injection	device	(CID)	sensors	in	cameras,	
which	do	not	saturate	as	easily	as	CCD	or	CMOS	sensors	(Moreda	et	al.,	2009).

Hatou	et	al.	(1996)	used	an	active	3D	machine	technique	to	measure	tomato	size.	
They	used	a	laser	range	scanner	to	obtain	measures	of	the	tomatoes	as	they	traveled	
on	a	conveyor	belt	beneath	the	range	finder	of	the	scanner.	An	ideal	tomato	shape	
was	built	from	these	measures,	which	was	compared	with	the	reference	shape	and	
the	differences	between	the	two	shapes	were	used	for	tomato	classification.	The	clas-
sification	system	includes	neural	networks	and	expert	systems	and	the	grading	results	
were	similar	to	those	achieved	by	human	inspectors.	The	grading	procedure	contains	
two	steps:	first	the	rough	classification,	including	3	categories	(good,	normal,	bad)	
using	the	neural	networks,	and	second	the	elaborate	classification,	involving	2	grades	
in	the	category	“good,”	using	expert	systems.	However,	the	method	was	more	time	
consuming	than	the	manual	classification	because	it	took	5	seconds	to	classify	each	
tomato.	The	systems	using	active	3D	machine	vision	technology	are	easier	to	apply	
to	the	industrial	process	because	of	the	simplified	lighting	and	camera	adjustments	
utilized	by	3D	systems	for	taking	images	of	the	fruits.

Kanali	 et	 al.	 (1998)	 developed	 an	 artificial	 retina	 machine	 vision	 system	 with	
49	photo	sensors.	In	this	system	there	is	a	direct	transfer	of	the	acquired	informa-
tion	to	the	processing	algorithm	and	no	digital	image	analysis	is	required.	This	is	
an	advantage	because	 this	 analysis	often	 requires	 specialized	and	expensive	 soft-
ware	to	correctly	process	the	images.	The	artificial	retina	uses	photo	sensors	that	are	
cheaper	than	the	ones	used	in	CCD	or	CMOS	sensors	equipped	with	video	cameras.	
However,	the	artificial	retina	can	calculate	fruit	volume	but	not	fruit	diameter	(Gall	
et	al.,	1998).	They	used	the	artificial	retina	to	classify	oranges	and	eggplants	obtain-
ing	overall	size	classification	rates	of	74%	for	eggplants.	For	oranges,	they	obtained	
a	very	accurate	classification	(99%)	probably	due	to	the	high	size	variability	of	the	
orange	sample.	Although	it	is	a	desktop	system,	the	technique	can	be	used	for	auto-
mated	inspection	of	vegetables.

Hoffman	 et	 al.	 (2005)	 sorted	 potato	 tubers	 according	 to	 their	 starch	 content,	
which	is	intensely	related	to	their	density.	They	calculated	the	density	as	the	ratio	
between	the	weight	and	the	volume.	The	weight	was	determined	dynamically	with	
a	belt	balance	and	the	volume	was	measured	dynamically	using	an	optoelectronic	
device.	The	device	consisted	of	a	 ring-shaped	basic	body	with	 four	cameras.	The	
tubers	 fall	 individually	 through	 the	 basic	 body,	 while	 the	 camera	 system	 records	
their	geometric	dimensions	in	three	axes	and	the	surface	of	the	tubers.	A	processor	
calculates	the	volume	of	the	tuber	with	elliptic	integrals	from	the	data	supplied	by	
the	camera.	At	the	start	of	the	installation,	the	tubers	are	transferred	from	a	feeding	
conveyor	moving	at	low	speed	to	a	belt	with	a	higher	conveying	speed.	As	a	result	of	
the	increase	in	speed	on	changing	belts,	the	product	is	separated,	ensuring	that	there	
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is	always	only	one	tuber	lying	on	the	300-mm-long	weighing	belt.	After	the	mass	has	
been	determined,	the	tubers	are	then	fed	to	the	camera	system	to	determine	the	vol-
ume.	A	processor	calculates	the	density	from	the	mass	and	volume	data	and	issues	
an	appropriate	control	command	to	the	ejector	to	pass	the	tubers	onto	the	appropriate	
classification	belt.	It	was	possible	to	classify	the	tubers	in	three	categories	according	
to	their	starch	content,	with	a	class	width	of	6%,	calculated	from	its	density,	because	
of	the	high	repeatability	of	the	tuber	volume	determination	and	the	high	precision	
achieved	in	the	mass	measurement	device	with	an	error	essentially	below	1%.	The	
only	large-scale	technical	procedure	can	be	substituted	for	this	technique	for	nonde-
structive	classification	of	potatoes	on	the	basis	of	their	starch	content,	which	places	
the	potatoes	 in	salt	baths	or	similar	solutions	and	dispersions.	The	system	 is	able	
to	determine	 the	volume	of	20–25	 tubers	per	 second,	but	only	4–5	 tubers	can	be	
weighed	by	the	belt	balance.	Therefore,	 it	 is	necessary	to	install	several	weighing	
lanes	in	parallel	to	feed	the	volume	measurement	system.

Al-Mallahi	et	al.	(2010)	developed	a	machine	vision	system	to	detect	good	quality	
potato	tubers	on	a	harvester,	in	order	to	remove	clods	and	unwanted	potato	tubers,	
especially	small	tubers.

Electronic-based	techniques	to	estimate	the	size	of	foods	have	been	used	mainly	
on	 fruits,	 but	 they	 have	 been	 also	 used	 on	 vegetables.	 The	 on-line	 determination	
of	diameters,	perimeter,	projected	area,	volume,	and	density	of	vegetables	having	
irregular	shapes	has	been	investigated	in	recent	years.	Today,	systems	based	on	2D	
machine	vision	and	electronic	weighing	are	most	commonly	used	 to	measure	 the	
size	and	volume	of	vegetables	and	also	to	sort	them,	but	it	is	reasonable	to	expect	that	
3D	imaging	systems	will	be	increasingly	used	to	complement	the	2D	systems.

12.2.3  other Geometric parameterS

Volume	is	not	sufficient	to	characterize	the	geometry	of	many	vegetables,	and	the	
characterization	of	 their	geometric	quality	needs	 to	use	shape	parameters	such	as	
length,	width,	or	flexure.	Cao	and	Nagata	(1997)	developed	a	method	to	judge	the	
shape	of	sweet	peppers	using	only	a	single	side	view	image	of	the	samples	to	present	
the	shape	properties. In	addition,	defects	or	damages	can	severely	reduce	the	quality	
of	vegetables	and	the	affected	fruits	should	be	eliminated	on	line.

Hahn	(2002)	developed	a	sizer	system	for	jalapeño	chilies	based	on	the	blocking	
of	a	plane	or	sheet	of	laser	light.	Fruits	have	to	be	placed	on	a	conveyor	belt	correctly	
oriented	with	their	polar	axes	perpendicular	to	the	line.	The	system	was	designed	
with	two	20-cm-wide	belt	conveyors.	The	first	band	ran	at	a	speed	of	30	m	min−1.	
Chilies	cannot	roll	because	of	their	peduncles,	but	when	they	fall	from	the	first	band	
to	the	second	band,	they	bounce.	The	baby	suckers	of	the	second	band	stop	the	chil-
ies	without	causing	impact	damages.	The	second	band	ran	at	a	speed	twice	that	of	the	
first	one,	and	separated	chilies	for	individual	sensing	and	sorting.	The	second	band	
includes	the	sensors.	Two	sensors	were	used,	one	detected	chili	necrosis	optically	
and	the	other	measured	chili	width.

The	first	detector	was	a	radiometer,	which	activated	a	piston	for	removing	chilies	
showing	necrosis.	One	hundred	healthy	chilies	and	100	showing	necrosis	were	tested	
using	a	spectrophotometer	 in	 the	500–850	nm	range.	Relative	 reflectance	showed	
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spectral	differences	at	the	visible	band.	Necrotic	tissue	absorbed	all	the	visible	radia-
tion	and	 its	 reflectance	peak	at	720	nm	was	 twice	 that	of	 the	healthy	 tissue.	The	
radiometer	was	built	with	two	silicon	photodetectors	and	the	signal	obtained	from	
both	of	them	was	converted	to	digital	and	sent	to	a	microcontroller,	which	activated	
a	piston	whenever	the	ratio	between	the	550	nm	value	and	the	720	nm	was	lower	than	
0.1.	The	accuracy	of	necrosis	detection	was	96.3%.

The	chili-width	sensor	was	located	close	to	the	end	of	the	band	and	detected	both	
vertical	and	horizontal	chili	widths.	After	passing	through	the	radiometer,	the	chil-
ies	passed	between	a	laser	light	generator	and	a	bar	of	photodetectors,	both	of	which	
were	arranged	vertically.	The	photodetector	bar	scanned	the	laser	stripe	every	20	ms.	
Each	scan	showed	the	number	of	photodetectors	that	did	not	receive	the	laser	stripes	
and	these	data	were	recorded	by	a	microcontroller.	The	fruit	height	or	the	vertical	
width	of	each	chili	corresponds	to	the	maximum	value	recorded	by	the	microcon-
troller.	The	horizontal	width	measurements	were	obtained	by	counting	the	number	of	
blocked	laser	stripes	as	the	chili	advanced	on	the	conveyor	belt.	This	system	can	also	
measure	the	projected	area	of	the	fruit	by	integrating	the	different	height	measures	
as	the	fruit	passes.	Chilies	were	classified	in	three	categories	according	to	their	width	
with	an	accuracy	of	92%	when	the	chilies	were	manually	oriented	and	87%	when	the	
system	works	in	fully	automatic	mode.	In	addition,	first-class	chilies,	which	are	the	
most	important	from	the	economic	point	of	view,	were	sorted	with	success	rates	of	
92.3%.	The	belt	ran	at	a	speed	of	1	m/s,	allowing	sorting	up	to	15	fruits	per	second	
per	lane.	It	is	possible	to	increase	sorting	accuracy	using	a	machine	vision	including	
cameras	to	view	the	top	and	the	lateral	chili	sides	and	measure	chili	horizontal	and	
vertical	widths.	This	method	is	adequate	for	prolate	fruits,	such	as	eggplants.	This	is	
because	the	height	measured	by	the	system	corresponds	to	the	maximum	diameter	
due	to	the	stability	position.

Okayama	et	al.	(2006)	developed	a	machine	vision	method	for	the	objective	and	
rapid	classification	of	the	shape	of	bell	(sweet)	peppers.	Based	on	the	local	grading	
standards,	bell	peppers	are	classified	in	two	grades	based	on	external	color,	shape,	
and	incidence	of	bruises	or	disease.	Significant	features	to	represent	shape	properties	
were	selected	and	a	classification	test	was	conducted	using	these	features.	These	fea-
tures	were	calculated	from	three	images	of	each	sample.	The	results	by	a	neural	net-
work	classifier	showed	that	the	classification	accuracy	went	up	following	an	increase	
in	the	number	of	side	views	from	2	to	18.	A	rate	of	91%	of	correctly	classified	peppers	
was	obtained	using	4	views	and	92%	using	8	views.	When	only	2	side	views	are	used,	
the	best	angle	between	cameras	is	90º.	Nam-Hong	et	al.	(2007)	developed	an	auto-
matic	sorting	system	for	green	peppers	using	machine	vision.	The	system	included	
a	 feeding	and	 individuation	mechanism,	 an	 image	 inspection	and	processing	 sys-
tem,	and	a	discharging	system.	Using	an	on-line	grading	algorithm	developed	with	
Visual	C/C++,	the	green	peppers	could	be	graded	into	four	classes	(large,	medium,	
small	 sizes,	and	high	curved	shape),	based	on	 the	measurement	of	 two	geometric	
parameters	(length	and	flexure).	The	first	derivative	of	thickness	profile	was	used	as	a	
parameter	to	remove	the	stem	area	of	a	segmented	image	of	each	pepper.	At	a	sorting	
speed	of	0.45	m/s,	the	grading	accuracies	for	large,	medium,	and	small	peppers	were	
86.0,	81.3,	and	90.6	%,	respectively.	The	system	provided	the	performance	capability	
of	121	kg/h,	which	is	about	five	times	higher	than	that	obtained	with	conventional	
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manual	sorting	operations.	The	prototype	system	was	economically	feasible	for	sort-
ing	green	peppers	by	showing	a	cost	reduction	of	about	40%.

The	shape	of	peppers	is	a	cultivar	feature	and	the	quality	of	peppers	belonging	
to	a	certain	cultivar	or	specific	denomination	depends	on	their	accordance	with	a	
certain	shape	determined	by	certain	values	of	geometric	parameters.	Jarén	et	al.	
(2004)	developed	a	procedure	for	sorting	peppers,	belonging	to	the	piquillo	cul-
tivar,	using	image	and	color	analyses.	Piquillo	peppers	were	classified	into	three	
quality	 categories	 according	 to	 the	 concordance	 between	 their	 physical	 param-
eters	and	the	standards	defined	in	the	specific	denomination.	These	parameters	are	
related	to	size,	shape,	and	texture	of	the	peppers.	The	piquillo	pepper	of	Lodosa	
is	small,	about	8	cm	in	length,	with	a	flat	triangular	shape	with	its	tip	ending	in	a	
point,	a	bright	red	color,	meaty,	compacted,	and	consistent.	Figure 12.3	shows	a	
high-quality	piquillo	pepper.

The	authors	concluded	that	it	is	possible	to	correctly	classify	98%	of	the	peppers	
using	color	and	image	analyses	and	all	peppers	classified	as	belonging	to	the	first	
category	were	really	included	in	this	category.	Thus,	it	is	possible	to	use	the	image	
and	color	analyses	to	develop	a	fast,	reliable	method	based	on	piquillo	pepper	fea-
tures,	mainly	geometric	shape	and	bright	red	color.	Figure 12.4	shows	the	graphic	
representation	of	the	discriminate	analysis	used	to	classify	piquillo	peppers.

Van	de	Vooren	et	al.	 (1992)	employed	an	 image	analysis	 technique	 that	distin-
guished	80%	of	the	mushroom	cultivars	used	in	the	trial	based	on	area,	shape	factor,	
and	eccentricity	of	the	cap	and	the	shape	factor	of	the	gills.	Color,	shape,	stem	cut,	
and	cap	veil	opening	of	mushrooms	were	quantified	using	image	analysis	in	order	
to	inspect	and	grade	the	mushrooms	using	an	automated	system.	The	shape	crite-
rion	was	determined	from	two-dimensional	moments	of	inertia	and	misclassification	
based	on	it	ranged	from	14	to	24%.

8 cm

FIGURE 12.3  High-quality	piquillo	pepper.
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12.2.4  WeiGht

The	measurement	of	weight	is	used	for	sorting	vegetables	because	this	parameter	is	
closely	related	to	volume	and	size	and	it	is	possible	to	measure	it	on-line.	There	are	
mechanical	and	electronic	weight	 sizers;	 the	 former	have	a	measurement	point	 in	
each	ejection	point	whereas	the	latter	have	a	measurement	point	per	lane.	Francés	et	
al.	(2000),	using	an	electronic	weight	sizer,	processed	a	150-g	weight	pattern	piece	
100	times	at	a	speed	of	16	fruits	per	second,	obtaining	a	coefficient	of	variation	(CV)	
of	0.34%.	Weight	can	be	measured	indirectly	using	dimensional	measurements	such	
as	projected	area	using	a	model	or	equation	(Jahns	et	al.,	2001;	Varghese	et	al.,	1991;	
Jarimopas	et	al.,	1991;	Davenel	et	 al.,	1988).	Quiao	et	al.	 (2005)	used	hyperspec-
tral	imaging	to	measure	pepper	weight.	The	weight	of	fruits	is	also	related	to	yield.	
Quiao	et	al.	(2004)	developed	the	Mobile	Fruit	Grading	Robot	(MGFR),	proposed	
by	Shibusawa	and	Kondo	(2002),	for	sweet	peppers.	The	prototype	robot	consisted	
of	a	manipulator,	an	end	effector,	a	machine	vision	system,	and	a	mobile	mechanism.	
The	robot	could	acquire	5	fruit	images	from	4	sides	and	the	top	while	its	manipula-
tor	transported	the	fruit	received	from	the	operator.	A	fruit	mass	prediction	method	
was	developed	using	5	images.	Results	indicated	that	the	fruit	mass	was	successfully	
estimated	with	projection	areas.	The	robot	was	used	for	mapping	yield	and	quality	
of	pepper	crops.

Weight	 loss	 during	 the	 conservation	 process	 is	 not	 usually	 measured.	 It	 is	 a	
parameter	that	should	be	measured	continuously	because	this	information	is	neces-
sary	to	improve	the	conservation	of	vegetables	such	as	potatoes	and	onions.	This	is	
because	weight	loss	is	produced	by	water	loss,	which	the	quality	of	these	vegetables.	
When	weight	loss	occurs,	storage	conditions	should	be	modified	by	humidifying	or	
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FIGURE 12.4  Graphic	from	the	discriminate	analysis	used	to	classify	piquillo	peppers	in	
three	categories.
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renewing	air	through	a	humidifier	or	fans,	respectively.	A	device	to	measure	weight	
loss	in	potatoes	and	onions	has	been	developed	by	Mooij.	The	Mooij	Weight	Watcher	
continuously	measures	and	registers	the	weight	loss	of	a	sample	bag	of	potatoes	or	
onions	 during	 storage.	 One	 Mooij	 Weight	 Watchers	 is	 positioned	 in	 the	 pressure	
chamber	and	another	one	is	placed	on	top	of	the	pile,	as	shown	in	Figure 12.5.	In	
this	way	it	is	possible	to	take	measures	in	both	places	and	to	detect	the	time	and	the	
importance	of	the	weight	loss	happening	in	the	stored	potatoes.	The	Mooij	Weight	
Watcher	is	directly	connected	to	the	Orion	storage	control	computer	and	the	informa-
tion	is	available	on	the	Orion	controller	as	well	on	the	PC.	It	is	a	novel	technique	that	
results	in	more	consciousness	of	the	store	manager	and	it	leads	to	improvements	of	
the	storage	system	and	finally	a	better	quality	of	the	crop	during	unloading	the	store.

12.2.5  Specific GraVity or denSity

Tuber	specific	gravity	is	a	measure	of	potato	internal	quality	and	it	is	used	by	the	
potato	processing	industry	for	assessing	crop	acceptability.	There	is	a	relationship	
between	specific	gravity	and	starch	content	(Hoffman	et	al.,	2004).	Starch	content	
affects	the	taste,	method	of	cooking,	and	processing	of	potato	tubers.	Potato	specific	
gravity	can	be	measured	by	means	of	a	hydrometer	by	comparing	the	potato	weight	
in	air	and	in	water	and	by	using	saline	solutions.	Freve	and	Dube	(1987)	developed	
a	weighing	system	to	simplify	and	accelerate	the	determination	of	specific	gravity	
and	 to	measure	different	grade	 sizes	of	potato	 samples	using	 the	 same	electronic	
scale.	Specific	gravity	can	be	measured	as	the	quotient	between	weight,	which	can	
be	measured	on-line	by	means	of	charge	cells,	and	volume,	which	can	be	measured	
by	means	of	computer	image.	Kakimoto	and	Izumoto	(1995)	estimated	the	specific	
gravity	of	hardwoods	with	image	processing.

FIGURE 12.5  The	Mooij	Weight	Watcher	on	the	potatoes.
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Mora	and	Schimleck	(2009)	determined	the	specific	gravity	of	green	Pinus	taeda	
samples	by	near-infrared	(NIR)	spectroscopy.	Komiyama	et	al.	(2007)	developed	a	
nondestructive	method	for	determination	of	starch	content	measuring	it	by	specific	
gravity	 using	 visible	 and	 NIR	 spectroscopy.	 Potatoes	 were	 placed	 on	 a	 conveyor	
system	and	a	photometric	sensor	was	continuously	applied.	They	concluded	that	the	
visible	and	NIR	transmittance	method	is	effective	for	accurate	and	rapid	selection	of	
potato	tubers	based	on	starch	content	measured	by	specific	gravity,	and	thus	could	
be	used	in	packinghouses.

12.2.6  VeGetable poWder

Some	vegetables,	such	as	tomato,	onion,	or	coffee,	can	be	marketed	as	powders.	In	
this	case	there	are	two	important	physical	parameters:	particle	size	and	stickiness.

Singh	et	al.	(2005)	analyzed	particle	size	of	blanched	and	unblanched	samples	of	
tomato	powders	using	a	particle	size	analyzer	based	on	the	fact	that	the	smaller	the	
particle	size,	the	larger	the	diffraction	angle.	Particle	size	analyzer	systems	consist	of	
three	basic	units:	optical	units,	dry	powder	feeder,	and	a	computer	system.	The	result	
obtained	is	the	size	distribution	of	equivalent	spherical	particles.	The	tomato	powder	
sample	falls	 into	a	feeder	by	compressed	air.	The	sample	then	passes	through	the	
tubing	and	is	fired	through	the	air	cell	fitted	to	the	Mastersizer,	where	it	is	measured	
and	then	collected	by	vacuum-extracting	system.

The	importance	of	the	sticky	behavior	of	amorphous	food	powders	has	been	rec-
ognized	over	many	decades	in	the	food	industry	due	to	its	influence	on	process,	han-
dling	abilities,	and	quality	of	the	powders.	Stickiness	is	a	major	problem	affecting	
product	quality	and	yield	during	processing	operations.	It	can	be	described	in	terms	
of	cohesion	and	adhesion	(Boonyai	et	al2004).	The	technique	for	measuring	sticki-
ness	can	be	divided	into	direct	and	indirect.	Lazar	et	al.	(1956)	used	a	conventional	
method	 that	 is	propeller	driven	 to	measure	 the	sticky	point	 temperature	of	 spray-
dried	tomato	powder.	Jaya	and	Das	(2004)	used	this	device	to	determine	the	sticky	
point	temperature	of	instant	coffee,	tomato	soup	powder,	and	mango	powder.	There	
are	other	direct	and	indirect	different	to	measure	stickiness.	Among	them,	the	glass	
transition	temperature	method	is	one	of	the	most	used	for	food	powders.	Bahdra	et	
al.	(2009)	developed	a	new	technology	to	measure	the	sticky	point	temperature	of	
coffee	powder	using	a	rheometer.

12.3  NOVEL TECHNIQUES TO CHARACTERIZE 
VEGETABLE TEXTURE

For	most	of	vegetables,	texture	seems	to	be	a	primary	quality	attribute	together	with	
flavor	and	appearance.	Only	humans	can	perceive,	analyze,	and	 interpret	most	of	
the	textural	sensations.	This	is	why	it	is	difficult	to	introduce	nonsensory	methods	
to	measure	textural	parameters,	but	since	sensory	analysis	is	subjective,	expensive,	
time	consuming,	 and	 requires	 training,	new	 instrumental	methods	are	being	pro-
posed	continuously.
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The	reference	traditional	methods	for	texture	assessment	of	vegetables	are	sensory	
evaluation	by	means	of	expert	tasters	or	consumers	and	destructive	texture	mechan-
ical	 tests.	 Sensory	 methods	 are	 subjective,	 costly,	 time	 consuming,	 and	 require	 a	
large	number	of	trained	panelists.	The	reference	destructive	method	to	measure	firm-
ness,	highly	related	to	fruit	quality,	is	the	Magness-Taylor	test,	which	measures	the	
maximum	force	for	a	cylindrical	plunger	 that	penetrates	 into	 the	flesh	of	 the	veg-
etable.	Besides	penetration	tests,	(confined)	compression,	tensile,	and	bending	tests	
have	been	described	in	the	literature	with	regard	to	the	measurement	of	mechanical	
properties	of	vegetables.	Adegoroye	et	al.	(1988)	related	the	mechanical	properties	
of	 tomatoes	 with	 the	 test	 parameters	 from	 Magness-Taylor.	 They	 related	 epicarp	
strength	 to	force	(N)	at	bioyield;	 locular	resistance	 to	 the	residual	force	following	
bioyield;	firmness	to	the	maximum	slope	of	the	force–deformation	curve;	compli-
ance	with	the	deformation	per	unit	epicarp	strength	and	toughness	with	respect	to	the	
total	energy	consumed	during	the	test,	equivalent	to	the	area	under	the	force–defor-
mation	curve.	Texture	analyzers	have	been	widely	used	to	measure	texture	param-
eters	of	vegetables.	Jarén	et	al.	(2006)	used	a	Stable	Microsystem	TA-TX2	Texture	
Analyser	(Stable	Micro	Systems	Ltd.,	Surrey,	UK)	to	measure	asparagus	fibrosity,	
Arazuri	 et	 al.	 (2007)	 measured	 tomato	 firmness	 and	 tomato	 skin	 resistance,	 and	
Lemmens	et	al.	(2009)	measured	carrot	firmness	using	the	same	texture	analyzer.	
Figure  12.6	 shows	 the	 measure	 of	 asparagus	 fibrosity	 using	 the	 texture	 analyzer.	
Taherian	and	Ramaswany	(2009)	used	a	Universal	Testing	Machine	(Lloyd	Model	
LRX-2500	N;	Lloyd	Instruments	Ltd.,	Fareham,	Hans,	UK)	to	measure	the	texture	
of	turnip	and	beet	roots.	They	defined	the	root	vegetable	firmness	as	the	force–defor-
mation	ratio	(N(mm),	the	stiffness	as	the	stress-to-strain	ratio	(modulus	of	deforma-
tion,	N/mm2)	and	the	springiness	(elasticity)	as	the	percentage	of	recoverability	of	
input	energy	(percentage	ratio	of	the	area	under	the	force–deformation	curve	during	
relaxation	in	relation	to	the	total	area).

FIGURE 12.6  Measure	of	asparagus	fibrosity	using	the	texture	analyzer.
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Novel	 techniques	have	been	developed	 for	nondestructive	 sensing	of	vegetable	
texture.	These	 techniques	are	based	on	vibration	measurements,	 impact	 response,	
microdeformation	 measurements,	 ultrasonic	 wave	 propagation,	 nuclear	 magnetic	
resonance	 (NMR)	 spectroscopy	 and	 imaging,	 x-ray,	 time-resolved	 diffuse	 reflec-
tance	spectroscopy	(TDRS),	and	NIR	spectroscopy.

12.3.1  techniqueS baSed on Vibration meaSurementS

In	vibration-based	measurements,	the	fruit	is	struck	with	a	small	hammer	and	the	
sound	 produced	 is	 recorded	 using	 a	 microphone.	 A	 computer	 calculates	 the	 first	
resonance	frequency	of	the	time	domain	signal	by	means	of	a	fast	Fourier	transform.	
The	higher	the	resonance	frequency,	the	firmer	the	fruit.

Kojima	et	al.	(1991)	determined	tomato	firmness	using	a	resonance	frequency–
based	 method.	 They	 demonstrated	 that	 the	 minimum	 stress–relaxation	 time	
decreased	 as	 the	 tomatoes	 matured.	 They	 predicted	 tomato	 maturity	 using	 this	
parameter	more	accurately	than	using	traditional	techniques	based	on	color.	Felföldi	
et	al.	(1996)	used	an	acoustic	response	method	to	evaluate	tomato	firmness,	using	
the	stiffness	factor	as	a	firmness	parameter	and	concluding	that	it	is	appropriate	to	
evaluate	tomato	softening.	Muramatsu	et	al.	(1996)	measured	firmness	and	charac-
terized	tomato	maturity	by	measuring	the	sound	amplitude	propagated	through	the	
tomatoes.	Sound	frequencies	are	generated	on	one	side	of	the	tomato,	and	the	sound	
wavelength	propagated	within	the	tomato	is	determined	on	the	opposite	side.	Mature	
vegetables	propagate	shorter	wavelengths	and	consequently	more	sound	waves	than	
immature	ones.	The	difference	in	wave	count	was	prominent	above	500	Hz.

De	Katelaere	et	al.	(2006)	assessed	tomato	firmness	using	a	commercial	desktop	
unit	(AFS,	AWETA,	Nootdorp,	The	Netherlands).	It	uses	an	electromagnetic-driven	
probe	 to	excite	 the	 fruit,	 a	 small	microphone	 to	capture	 the	vibration	of	 it,	 and	a	
weight	cell	to	weigh	the	fruit.	The	tomatoes	where	tested	at	four	equidistant	places	
around	its	bottom	floral	end	in	order	to	fit	into	the	specimen	holder.	The	only	two	
parameters	needed	to	obtain	the	firmness	index	S	are	the	resonant	frequency	of	the	
elliptical	mode	and	the	mass	of	the	fruit	(Cooke,	1972).	The	AFS	method	works	cor-
rectly	for	firm	tomatoes	but	is	inaccurate	for	soft	tomatoes.

The	 firmness	 index	 was	 developed	 by	 Cooke	 and	 Rand	 (1973)	 as	 shown	 in	
Equation	(12.2)

	 S	=	fR
2m2/3	 (12.2)

where	fR	is	the	resonant	frequency	of	the	first	elliptical	mode	in	Hz	and	m	is	the	mass	
of	the	object	(kg).

Nicolaï	et	al.	(2005)	reported	that	there	is	a	good	relationship	between	this	index	
and	 the	elastic	properties	of	 the	 tomatoes.	However,	 if	 the	 fruit	 shape	 is	 far	 from	
spherical,	it	is	necessary	to	use	an	adapted	firmness	index	that	also	includes	a	mea-
sure	of	shape	S,	as	shown	in	Equation	(12.3)	(e.g.,	the	length–diameter	ratio)

	 F	=	fR
2m2/3/(aS	+	b)		 (12.	3)

where	a	and	b	are	constants.
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Sakurai	et	al.	(2005)	evaluated	the	texture	of	cucumbers	by	an	acoustic	measure-
ment	of	crispness.	Vibration	signals	were	 transformed	 to	spectral	data	and	a	new	
index	to	evaluate	the	texture,	named	the	sharpness	index,	was	calculated	from	spec-
tral	data.	Taniwaki	et	al.	(2006)	developed	a	method	for	quantifying	the	texture	of	
blanched	bunching	onions,	which	are	unsuitable	for	human	sensory	evaluation.	They	
used	a	piezoelectric	 sensor	and	a	knife-edge	probe.	The	 signal	 amplitude	density	
was	computed	by	summing	up	the	amplitude	of	the	texture	signals	and	divided	by	
the	data	length;	this	value	was	used	as	a	texture	index.	Analyzing	the	texture	signals	
in	the	lowest	frequency	band	(0–50Hz)	revealed	the	leaf	structure	of	the	blanched	
bunching	onion	tissue.	They	developed	a	device	that	enables	direct	measurement	of	
food	texture	and	has	been	applied	to	the	green	onion	texture	measurement.	Taniwaki	
and	Sakurai	(2008)	developed	a	new	texture	index	(TI)	to	evaluate	the	texture	of	cab-
bages	and	the	energy	density,	which	was	determined	by	the	integration	of	squared	
amplitudes	of	 texture	 signals	multiplied	by	a	 factor	of	a	 frequency	band.	This	TI	
enabled	 evaluation	 of	 acoustical	 signals	 in	 the	 high-frequency	 region	 (>1000  Hz)	
more	sensitively	than	the	previously	used	index	amplitude	density.

Van	Zeebroeck	at	al.	(2007)	used	acoustic	stiffness	as	an	objective	measurement	
of	tomato	ripeness	and	measured	the	energy	of	the	impact	of	a	pendulum	with	the	
tomatoes	and	its	radius	of	curvature	to	predict	its	bruise	susceptibility.

12.3.2  techniqueS baSed on impact reSponSe

Determination	of	vegetable	firmness	based	on	impact	force	measurements	has	been	
widely	applied.	A	steel	sphere	is	dropped	from	a	predetermined	height	onto	the	veg-
etable.	In	other	versions,	the	impact	is	lateral	and	the	force	acting	on	the	sphere	is	
held	by	a	spring	controlled	by	a	solenoid.

Chen	et	al.	(1993)	applied	this	technique	to	determine	the	firmness	of	intact	rad-
ishes	 (Raphaus	sativus	L.)	 and	pumpkins	 (Cucurbita	pepo	L.).	The	 impact	 forces	
of	the	sample	struck	by	the	hammer	of	a	rigid	sphere	were	studied	as	a	means	for	
nondestructive	determination	of	firmness.	The	correlation	coefficients	between	the	
impact	characteristic	K,	and	the	flesh	firmness	of	pumpkins	and	Sakurajima	radishes	
measured	by	a	penetrometer	were	0.93	and	0.92,	respectively;	hence,	it	is	possible	to	
determine	firmness	using	an	impact	test.

De	 Katelaere	 et	 al.	 (2006)	 assessed	 tomato	 firmness	 using	 a	 low-mass	 impact	
sensor	 (SIQ-FT).	 It	 is	 a	benchtop	version	 (Sinclair	 iQTM	firmness	 tester)	provided	
by	Sinclair	International	Ltd.	(Norwich,	England).	The	sensor	hits	the	fruit	by	air	
pressure	and	captures	the	impact	signal.	The	tomatoes	were	tested	at	four	equidis-
tant	locations	along	its	equator.	The	firmness	is	calculated	according	to	the	impact	
signal	as	a	dynamic	measure	of	fruit	tissue	spring	constant	and	can	be	expressed	by	
Equation	(12.4)	reported	by	Schmulevich	et	al.	(2003):

	 SIQ FT C P
p t dt

− =
∫

max

( )

2

	 (12.4)
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where	SIQ	–	FT	is	an	internal	quality	value,	C	is	a	system	constant,	Pmax	is	the	peak	
amplitude	of	the	impact	response,	and	p(t)	the	impact	response	as	a	function	of	time.

They	 reported	 that	 the	 results	obtained	 from	 the	 impact	 and	 the	acoustic	 tests	
indicate	 that	 SIQ-FT	 would	 be	 the	 preferred	 choice	 for	 soft	 tomatoes	 due	 to	 its	
lower	uncertainty.	They	also	concluded	that	the	results	obtained	using	both	devices	
(SIQ-FT	and	AFS)	correlate	well	when	considering	a	large	firmness	variance.	Both	
instruments	are	capable	of	 sensing	firmness	 loss	as	 induced	by	storage.	The	 time	
might	have	come	to	consider	those	nondestructive	techniques	as	new	standards	for	
fruit	firmness	evaluation	replacing	the	older	destructive	standard.

12.3.3  techniqueS baSed on microdeformation meaSurementS

Nondestructive	 microdeformation	 sensors	 have	 been	 developed	 to	 measure	 very	
small	deformations	produced	on	fruits	during	compression.	A	sphere	penetrates	into	
the	skin	of	the	fruit	and	the	fruit	surface	deformation	is	measured	using	a	laser	dis-
placement	sensor.	A	different	noncontact	type	of	force–deformation	sensor	uses	an	
air	blast	to	deform	the	fruit	surface	(Prussia	et	al.,	1994).	Fruit	firmness	is	related	to	
the	local	deformation.	Felföldi	et	al.	(1996)	used	a	hand-held	penetrometer	(MGA	
1091)	 to	 measure	 the	 compressive	 stress	 with	 a	 very	 small	 mechanically	 limited	
deformation	of	0.15	mm.	A	controlling	microcomputer	(data	logger)	calculated	the	
coefficient	of	elasticity,	which	is	the	ratio	of	the	compressive	stress	to	deformation,	
expressed	in	kPa/mm.	They	concluded	that	the	coefficient	of	elasticity	is	an	appro-
priate	characteristic	to	evaluate	the	softening	of	the	tomato.

Hertog	et	al.	(2004)	evaluated	tomato	firmness	using	a	noninvasive	compression	
force.	The	force	readings	were	taken	by	recording	the	maximum	force	required	to	
compress	 the	 fruit	 for	2	mm	using	 two	horizontal	parallel	plates	with	 the	 tomato	
placed	on	its	side.	As	the	compression	deformation	was	fixed	at	2	mm,	the	maximum	
compression	force	registered	was	linearly	related	to	the	slope	of	the	force–deforma-
tion	curve	resembling	the	Young’s	modulus.	The	pretest	speed	was	5	mm	s−1,	the	test	
speed	was	1	mm	s−1,	and	the	trigger	force	was	1	N.

12.3.4  techniqueS baSed on ultraSonic WaVe propaGation

Ultrasonic	wave	propagation–based	methods	have	been	used	to	measure	wood	tex-
ture	and	recently	to	measure	vegetable	texture.

Ha	et	al.	(1991)	detected	defective	potatoes	using	the	pulse	transmission	method.	
They	found	that	the	attenuation	in	defective	potatoes	was	much	higher	than	in	sound	
ones.	Hansen	et	 al.	 (1992)	used	ultrasound	methods	 to	distinguish	between	unin-
fested	and	 infested	potatoes.	Cheng	and	Haugh	(1994)	detected	hollow	hearths	 in	
potatoes	using	ultrasound	on	the	basis	of	ultrasonic	power	transmitted	through	the	
whole	potato	tuber.	They	found	that	the	wave	form	of	transmitted	ultrasonic	signals	
through	a	hollow	heart	potato	differed	from	that	through	a	sound	potato.	Verlinden	
et	al.	(2004)	evaluated	tomato	texture	changes	related	to	chilling	injury	by	acoustic	
firmness	 measurements	 and	 ultrasonic	 wave	 propagation.	 Mizrach	 (2007)	 used	 a	
nondestructive	ultrasonic	method	to	monitor	the	physiochemical	changes	in	firmness	
of	greenhouse	tomatoes	during	their	shelf	life.	The	acoustic	wave	attenuation	in	the	
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fruit	 tissue	was	measured	with	a	continuous-touch	ultrasonic	system	by	means	of	
ultrasonic	probes	in	contact	with	the	peel.	The	attenuation	was	found	to	be	linearly	
related	to	the	firmness	of	the	fruit	during	8	storage	days,	which	suggests	that	this	
method	might	be	used	for	nondestructive	firmness	monitoring	of	 tomatoes	during	
their	shelf	life.

12.3.5  nmr techniqueS

Nuclear	magnetic	resonance	techniques	have	been	used	for	on-line	measurements	of	
the	oil	content	of	avocados.	NMR	devices	are	very	expensive	and	their	use	is	so	far	
limited	to	research	applications.

McCarthy	and	Kauten	(1990)	used	magnetic	resonance	imaging	(RMI)	to	differ-
entiate	ripe	tomatoes	from	green	tomatoes.	Ishida	et	al.	(2000)	used	RMI	to	monitor	
changes	during	ripening	of	products	such	as	tomatoes	and	cucumbers.	Thybo	et	al.	
(2004)	used	MRI	images	of	potatoes	to	detect	nonvisible	internal	bruises	produced	
by	mechanical	 impacts	and	spraying	symptoms	caused	by	virus.	Wang	and	Wang	
(1992)	used	NMR	imaging	techniques	for	detecting	changes	in	the	internal	structure	
of	 zucchini	 squash	 (Cucurbita	pepo	L.,	Ambassador)	 during	 exposure	 to	 chilling	
temperatures.	Duce	et	al.	 (1992)	used	NMR	imaging	 to	 identify	 fresh	and	 frozen	
courgettes.	Sequi	et	al.	(2007)	used	MRI	spectroscopy	to	unambiguously	assess	the	
place	of	origin	and	the	cultivar	of	fresh	cherry	tomatoes.	They	were	able	to	distin-
guish	 protected	 geographical	 indication	 (PGI	 )	 status	 cherry	 tomatoes	 from	 non-
PGI	ones,	as	well	as	cv.	Naomi	from	cv.	Shiren	samples.	The	method	determines	
informative	physical	and	morphological	parameters,	transverse	relaxation	times,	and	
thicknesses,	respectively,	which	can	be	combined	into	four	empirical	equations;	two	
of	them	are	used	to	determine	the	cultivated	variety	and	the	other	two	to	assess	the	
place	of	origin.	This	approach	has	successfully	recognized	the	cultivated	variety	of	
approximately	90%	of	the	analyzed	samples	and	the	geographical	origin	of	approxi-
mately	80%	of	the	investigated	cherry	tomatoes.

12.3.6  techniqueS baSed on X-ray imaGinG

The	properties	of	reflection,	absorption,	and	transmission	of	x-rays	are	used	to	mea-
sure	vegetable	quality.	X-ray	imaging	provides	a	cross-sectional	view	of	the	interior	
of	an	object	and	has	been	used	to	detect	internal	defects	in	fresh	vegetables.	X-rays	
pass	 through	 the	 material	 and	 are	 absorbed	 along	 the	 way	 according	 to	 the	 den-
sity	 and	 composition	 of	 the	 matter	 they	 encounter.	 There	 are	 two	 ways	 in	 which	
x-ray	 imaging	 can	 be	 performed:	 computed	 tomography	 (CT)	 and	 line	 scanning.	
Computed	tomography	scanning	provides	a	more	accurate	view	of	the	interior	of	the	
object	than	line	scanning	but	line	scanning	is	more	applicable	for	an	on-line	inspec-
tion	in	a	packing	house.

Nylund	and	Lutz	(1950)	used	x-rays	to	detect	hollow	hearth	in	potato.	Thai	et	al.	
(1991)	used	x-ray	(CT)	imaging	to	detect	tomato	fruit	maturity	and	Thai	et	al.	(1997)	
used	this	technique	to	detect	insect	infestation	in	sweet	potato	roots.	X-ray	CT	has	
been	used	to	detect	internal	disorders	of	vegetables	like	hollow	heart	in	potato.	This	
disorder	affects	the	density	and	water	content	of	the	internal	tissue.	X-ray	imaging	
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has	been	commercially	used	 to	 inspect	hollow	hearth	 in	potatoes	and	 the	overall	
quality	of	lettuce	(Dull,	1986).

12.3.7  techniqueS baSed on chlorophyll fluoreScence

Fluorescence	is	the	phenomenon	by	which	absorbed	radiant	energy	is	in	part	imme-
diately	 re-emitted	 in	 form	 of	 light.	 Chlorophyll	 fluorescence	 has	 been	 used	 as	 a	
rapid	 and	 nondestructive	 method	 for	 quality	 measurement	 of	 vegetables.	 Lurie	 et	
al.	(1994)	used	pulse-amplitude	modulated	(PAM)	fluorometry	to	measure	chilling	
injury	nondestructively	before	tissue	damage	is	visible	in	green	peppers.	Toivonen	
(1992)	reported	that	chlorophyll	fluorescence	is	a	reliable,	rapid,	nondestructive	indi-
cator	 of	 broccoli	 quality	 during	 modified-atmosphere	 packaging,	 and	 it	 could	 be	
used	to	determine	if	broccoli	has	developed	off	odors	without	opening	the	bag	and	
disrupting	 the	package	 atmosphere.	Lin	 and	 Jolliffe	 (2000)	measured	chlorophyll	
fluorescence	of	greenhouse	cucumber	to	monitor	senescence,	temperature	stress,	and	
desiccation	during	storage	and	used	fluorescence	parameters	as	quality	indicators.	
De	Ell	 and	Toivonen	 (2006)	proposed	chlorophyll	fluorescence	as	an	 indicator	of	
physiological	changes	related	to	color	and	texture	in	cold-stored	broccoli	after	trans-
fer	 to	 room	 temperature.	 Other	 features	 have	 been	 determined	 using	 chlorophyll	
fluorescence	such	as	the	frost	sensitivity	of	potatoes	and	their	tolerance	to	heat	and	
cold	(Hetherington	et	al.,	1983)	or	the	stress	tolerance	and	stress-induced	injury	in	
cucumbers	and	cabbage	leaves	(Smillie	and	Hetherington,	1983).

12.3.8  techniqueS baSed on tdrS

Time-resolved	diffuse	reflectance	spectroscopy	has	been	developed	in	the	biomedical	
field	and	allows	the	complete	nondestructive	characterization	of	biological	tissues.	
A	portable	prototype	was	constructed	for	measuring	quality	parameters	 including	
texture	of	fruits	and	vegetables	like	tomatoes	(Nicolaï	and	Verlinden,	2003).

12.3.9  techniqueS baSed on nir SpectroScopy

Since	the	late	1980s,	NIR	spectroscopy	has	been	used	to	measure	vegetable	tex-
ture.	It	is	related	to	chemical	composition	of	vegetables,	which	is	related	to	their	
texture	parameters.

Brach	et	al.	(1982)	used	this	technique	to	evaluate	lettuce	maturity	with	a	coef-
ficient	of	correlation	of	0.96.	Isakson	and	Kjolstad	(1990)	used	NIR	transmission	and	
reflectance	 spectroscopy	 to	 measure	 vining	 pea	 maturity	 and	 quality	 parameters,	
achieving	a	coefficient	of	determination	of	0.88.	This	method	could	be	substituted	
for	the	traditional	technique,	which	is	the	tenderometer	test.	Chalukova	et	al.	(2000)	
developed	mathematical	models	 for	 calibration	and	prediction	of	 some	 indices	of	
maturity	of	green	peas.	They	established	that	the	indexes	of	maturity	can	be	deter-
mined	by	NIR	with	values	of	R	and	RMSEP	of	0.964	and	2.85	finometer	degrees	of	
firmness,	respectively.	In	the	prediction	of	five	sensory	attributes	and	the	degree	of	
maturity,	R	values	varied	from	0.733	to	0.896.	The	results	obtained	are	the	basis	for	
the	development	of	a	portable	NIR	analyzer	suitable	for	field	application.	Kjolstad	
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et	al.	(2006)	used	NIR	reflectance	to	predict	the	values	of	hardness	and	mealiness	
of	frozen	green	peas.	They	developed	models	to	predict	the	values	of	these	textural	
variables	from	the	acquired	NIR	spectra	and	from	the	tenderometer	readings,	being	
the	 reference	 measure	 method	 the	 sensory	 analysis.	 The	 model	 developed	 using	
variables	 from	NIR	spectra	achieved	a	higher	accuracy	 than	 the	one	achieved	by	
the	model	developed	from	the	tenderometer	readings.	This	study	suggests	that	NIR	
analysis	could	be	a	useful	tool	in	instrumentally	assessing	the	quality	of	frozen	peas.

NIR	spectroscopy	has	been	used	to	predict	the	fiber	content	of	green	asparagus,	
intensely	related	to	the	fibrosity	(Garrido	et	al.	2000),	which	is	the	most	important	
feature	to	characterize	asparagus	quality.	Jarén	et	al.	(2006)	used	NIR	spectroscopy	
to	determine	the	harvest	time	necessary	to	achieve	higher-quality	asparagus.	They	
found	quality	differences,	related	to	fibrosity,	among	asparagus	collected	at	different	
times	and	demonstrated	that	the	base	of	the	asparagus	turned	out	to	be	the	best	part	
to	use	in	order	to	establish	the	harvest	date.

Van	Dijk	et	al.	(2006)	tried	to	predict	the	firmness	values	of	tomatoes	using	NIR	
spectroscopy.	They	reported	that	their	calibration	models	could	not	predict	the	firm-
ness	of	the	individual	tomatoes,	although	they	could	predict	the	firmness	loss	of	a	
homogeneous	batch	of	 tomatoes.	Shao	et	al.	 (2007)	developed	a	model	 to	predict	
tomato	firmness	using	visible	and	near-infrared	spectroscopy	defined	by	the	maxi-
mum	resistance	exerted	by	tomatoes	during	a	compression	test	(Fc)	and	during	the	
puncture	test	(Fp).	The	standard	error	of	prediction	was	16.017	N	for	Fc,	and	1.18	N	
for	Fp.	The	coefficient	of	correlation	was	0.81	for	Fc,	and	0.83	for	Fp.

12.3.10  other techniqueS to meaSure teXtural propertieS

Tu	et	 al.	 (2000)	used	 laser-scattering	 imaging	 to	 study	 tomato	 fruit	quality.	They	
compared	 the	 results	 obtained	 using	 this	 novel	 technique	 with	 the	 ones	 obtained	
using	the	 traditional	compression	test	and	the	acoustic	 technique	and	developed	a	
second-order	polynomial	equation	to	express	the	relation	between	the	stiffness	fac-
tor	and	the	size	of	the	scattering	image	(determination	coefficient	R2	=	0.62).	These	
systems	 can	 be	 used	 to	 evaluate	 tomato	 maturity.	 Ariana	 et	 al.	 (2006)	 used	 NIR	
hyperspectral	imaging	to	detect	bruises	on	pickling	cucumbers.	They	developed	a	
system	consisting	of	an	imaging	spectrograph	attached	to	an	InGaAs	camera	with	
line-light	fiber	bundles	as	an	illumination	source	and	a	specially	designed	sample	
roller	for	positioning	the	fruit	for	imaging.

The	effect	of	external	loads	on	vegetables	has	been	investigated	using	finite	ele-
ment	 structural	 and	 modal	 analysis.	 Vibration	 response	 under	 impact	 loading	 has	
been	studied	for	tomatoes	(Langenakens	et	al.,	1997).	Mechanistic	models	have	been	
developed	to	explicitly	incorporate	tissue	features.	A	three-dimensional	extension	was	
developed	by	Gao	et	al.	(1989,	1990)	and	Gao	and	Pitt	(1991)	and	fitted	to	potato	tissue.	
Ariana	et	al.	(2006)	used	NIR	spectroscopy	to	detect	bruises	on	pickling	cucumbers.

12.3.11  Surface teXture

The	surface	texture	of	vegetables	can	be	characterized	by	either	sensory	panel	tests	
or	physical	 instrument	 tests.	Physical	 techniques	used	for	surface	characterization	
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are	categorized	into	two	groups:	surface	contacting	and	nonsurface	contacting	(Chen,	
2007).	The	surface	contacting	techniques	are	the	tribometer,	surface	force	appara-
tus,	contact	profilometry,	atomic	force	microscopy,	and	friction	force	microscopy.	
The	nonsurface	contacting	techniques	are	the	gloss	meter,	fiber-optic	reflectometer,	
angle-resolved	light	scattering,	surface	glistening	points	method,	and	confocal	laser	
scanning	microscopy.	The	most	frequently	used	parameters	to	characterize	surface	
texture	are	root-mean	square	roughness,	average	roughness,	peak	to	valley	height,	
and	average	slope	of	surface	asperities.	Only	a	few	surface-related	characteristics	can	
be	quantified	using	a	physical	method	(e.g.,	roughness/smoothness,	glossiness,	grit-
tiness,	moistness).	Montouto-Grana	et	al.	(2002)	proposed	the	use	of	skin	color	and	
surface	roughness	as	key	to	assessing	parameters	of	raw	potatoes.	Lu	et	al.	(1999)	
used	the	surface	glistening	point	method	to	examine	the	surfaces	of	tomatoes	and	
found	that	the	root-mean-square	roughness	of	tomato	was	20	µm,	and	that	tomatoes	
were	slightly	rougher	than	apples.	Quevedo	and	Aguilera	(2004)	characterized	the	
surfaces	of	tomatoes	and	potatoes	using	graphics	relating	the	glistening	density	and	
the	incident	angle	of	illumination	and	found	that	a	larger	negative	slope	would	sug-
gest	a	smoother	surface.	Goula	et	al.	(2007)	used	a	contact	probe	test	to	character-
ize	the	surface	stickiness	of	tomato	pulp.	The	sample	is	brought	in	contact	with	the	
probe	at	a	fixed	speed	of	about	50	mm/min,	and	when	the	drop	surface	makes	a	good	
contact	with	the	probe,	it	is	withdrawn	at	the	same	speed.	The	instantaneous	tensile	
force	curve	was	recorded	during	the	probe	withdrawal,	from	which	the	maximum	
tensile	force	and	other	parameters	were	cross-examined	against	images	of	bonding,	
debonding,	and	failure	of	the	material.

12.4  NOVEL TECHNIQUES TO MEASURE OTHER PHYSICAL 
PARAMETERS RELATED TO VEGETABLE QUALITY

Although	most	of	the	novel	techniques	used	to	measure	the	physical	parameters	of	
vegetables	are	 related	 to	 their	physical	characteristics	and	 texture,	 there	are	some	
novel	techniques	applied	to	measure	optical,	electrical,	thermal,	or	acoustic	param-
eters	that	are	useful	in	characterizing	vegetable	quality.

12.4.1  optical parameterS

Optical	properties	of	vegetables	were	widely	used	in	classifying	them.	Traditionally,	
color	 was	 measured	 using	 colorimeters,	 with	 results	 expressed	 in	 the	 RGB	 and	
CIELAB	 coordinates.	 Color	 can	 be	 predicted	 using	 NIR	 technology;	 it	 is	 not	 a	
breakthrough,	although	it	may	reduce	the	number	of	devices	needed	in	a	selection	
chain	or	a	packing	line.	Cozzolino	et	al.	(2004)	used	a	diode	array	spectrophotometer	
(400–1100	nm)	to	predict	the	color	of	grapes.

Qin	 and	 Lu	 (2008)	 used	 a	 spatially	 resolved	 steady-state	 hyperspectral	 imag-
ing	technique	combined	with	inverse	algorithms	developed	based	on	the	diffusion	
theory	model	for	measuring	the	absorption	and	scattering	properties	of	cucumbers,	
zucchini	squash,	and	tomatoes	over	the	spectral	range	of	500–1000	nm.	Using	this	
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noncontact	technique,	they	identified	the	ripeness	stages	of	tomatoes.	In	Chapter	4,	
novel	techniques	for	measuring	gloss	in	eggplants	have	been	included.

12.4.2  electrical parameterS

The	dielectric	behavior	of	vegetables	is	important	to	characterize	their	ability	to	be	
cooked	using	microwaves.	The	most	important	parameters	characterizing	dielectric	
properties	of	vegetables	are	the	dielectric	constant	and	the	loss	factor.	The	resonant	
cavity	method	is	the	traditional	method	used	to	measure	these	parameters.	Because	
those	 interested	 in	 the	dielectric	properties	of	agricultural	materials	are	not	often	
properly	 equipped	 for	measuring	 these	parameters,	 some	effort	has	been	devoted	
to	the	development	of	models	for	estimating	the	dielectric	properties.	Sharma	and	
Prasad	 (2002)	 developed	 predictive	 models	 to	 obtain	 the	 dielectric	 constant	 and	
loss	factor	of	garlic	as	functions	of	moisture	content	and	temperature,	which	could	
be	used	to	predict	microwave	heating	patterns	of	garlic	as	continuous	functions	of	
changing	moisture	content	during	drying.

12.4.3  thermal parameterS

Thermal	conductivity	and	 thermal	diffusivity	of	vegetables	are	 important	param-
eters	in	industrial	processes	at	high	and	low	temperatures.	Wang	and	Brennan	(1992)	
developed	a	line-source	system	to	measure	the	thermal	conductivity	of	potato	in	the	
of	40°–70ºC	temperature	range.	Van	Gelder	(1998)	used	a	thermistor-based	method	
to	measure	the	thermal	conductivity	of	potato	and	tomato	paste	at	high	temperatures.	
Abhayawik	et	al.	(2002)	used	a	CT	meter	(TELEPH,	Meylan,	France)	to	measure	
the	 thermal	conductivity	and	diffusivity	and	 the	volumic	heat	capacity	of	ground	
onion	powder.	The	range	of	the	power	that	could	be	provided	was	0–2.5	W	and	the	
accuracy	was	5%.	The	apparatus	measures	the	response	of	the	product	to	a	thermal	
shock	with	the	help	of	a	flat	probe	composed	of	an	annular	heat	source	that	heats	the	
product	and	a	thermocouple	sensor	placed	in	the	center	of	the	ring	to	measure	the	
product	temperature.	A	known	heat	flux	is	transmitted	through	the	product	during	a	
selected	heating	period	using	the	annular	heat	source	and	the	sensor	is	used	to	follow	
the	evolution	of	the	product	temperature.

Thermal	diffusivity	is	associated	with	the	speed	of	propagation	of	heat	from	the	
solid	body	during	changes	of	temperature	with	time.	The	higher	the	thermal	diffu-
sivity,	the	faster	the	propagation	of	heat	in	the	medium.	Gordon	and	Thorne	(1990)	
determined	the	thermal	diffusivity	of	vegetables	during	cooling	in	a	medium	at	con-
stant	temperature.	They	used	two	methods.	The	first	one,	called	the	slope	method,	
calculates	thermal	diffusivity	from	the	slope	of	the	cooling	curve	of	the	food	center,	
while	 the	 second	method,	called	 the	 lag	method,	uses	 the	maximum	 temperature	
difference	between	the	center	of	the	food	and	a	point	halfway	from	the	center	to	the	
surface.	Dincer	(1996)	developed	an	analytical	model	for	determining	the	thermal	
diffusivity	of	cucumber	subjected	to	cooling.	Morikawa	(2002)	used	a	high-speed	
infrared	(IR)	camera	to	develop	a	new	type	of	two-dimensional	thermal	analysis	of	
the	freezing	process	in	onion	epidermal	cells.	He	developed	a	multiple	measurement	
system	 able	 to	 measure	 thermal	 conductivity,	 thermal	 diffusivity,	 and	 to	 observe	
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latent	heat	on	the	phase	transition	and	the	distribution	of	thermal	diffusivity	in	the	
complex	materials.

12.5 CONCLUSIONS

The	 ideal	method	covering	all	 requirements	of	 current	 and	 future	 applications	 in	
production,	storage,	and	marketing	of	vegetables	has	not	yet	emerged.	As	sensors	
often	measure	only	a	single	quality	property,	combined	techniques	will	have	to	be	
optimized	to	measure	the	overall	quality	of	vegetables.	Future	advances	in	vegetable	
quality	measurement	are	likely	to	come	from	developing	a	better	understanding	of	
consumer	expectations.	Consumer	decisions	and	satisfaction	are	determined	by	how	
vegetable	quality	is	perceived.	Measurement	of	consumer	perception	is	essential,	and	
it	 is	more	important	to	measure	the	vegetable	properties	that	determine	consumer	
acceptance	than	the	properties	that	are	easiest	to	measure.

Today,	physical	characteristics	of	vegetables	must	be	evaluated	to	determine	their	
quality,	and	novel	techniques	have	been	developed	to	measure	physical	parameters	
accurately,	quickly,	and	inexpensively.	Most	of	these	techniques	can	measure	on-line	
and	some	of	them	can	measure	continuously.	Using	these	parameters,	it	is	possible	to	
characterize	not	only	size	but	also	shape,	which	is	very	important	when	evaluating	
the	quality	of	many	vegetables	that	are	characterized	by	a	particular	shape.	Image	
analysis	is	an	important	tool	to	measure	most	of	these	physical	parameters.

As	consumers	not	only	take	into	account	size	and	shape	but	also	textural	features,	
it	 is	necessary	 to	evaluate	 the	 texture	of	vegetables.	Novel	 techniques	 to	measure	
textural	parameters	have	been	developed	in	recent	years.	They	are	based	on	vibration	
measurements,	impact	response,	micro-deformation	measurements,	ultrasonic	wave	
propagation,	nuclear	magnetic	resonance,	x-ray	imaging,	chlorophyll	fluorescence,	
and	spectroscopy,	and	have	been	widely	applied	to	vegetables.

Using	novel	techniques	to	measure	parameters	that	characterize	the	size,	shape,	
and	texture	of	vegetables,	it	is	possible	to	evaluate	their	global	quality	on-line,	with	
sufficient	accuracy	and	without	excessive	cost.
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13.1  INTRODUCTION

In this chapter new methods to characterize cereals and their products are described 
in order to determine the effects of manufacturing processes and storage conditions 
on the thermal, mechanical, and structural properties of grains, cereal flours, and 
their products.

The methods to determine physical properties in cereals have been classified in 
three different cases depending on raw matter state: before, during, and after produc-
tion; and  the current  techniques  in  image analysis,  light and electron microscopy, 
and NMR spectroscopy used to analyze the microstructure of cereal products. This 
chapter also discusses the methods used to optimize processing parameters and for-
mulations  to produce end products with desirable sensory and textural properties, 
the shelf life of cereal products, and the relationships between the sensory and physi-
cal characteristics of cereal foods.

13.2  PHYSICAL PROPERTIES OF GRAIN

13.2.1  Mechanical ProPerties

When talking about mechanical properties of grains, it is necessary to distinguish 
between bulk grain mechanical properties and mechanical properties of individual 
kernels as they have quite different implications and applications.

The physical handling of bulk grains, in storage and transport,  is an important 
issue in cereal technology. The bulk grain will behave like granular materials. The 
flow properties of such materials are strongly influenced by the variability of grain 
size, the porosity between grains, and the elastic properties of the individual whole 
grains (Anderssen and Haraszi 2009). Important mechanical properties of bulk grain 
are modulus of elasticity, Poisson ratio, internal friction angle, and apparent cohe-
sion. The  measurement  of  these  properties  lets  the  engineer  design  and  optimize 
storage systems and processing plants of grains (Molenda and Stasiak 2002; Stasiak 
et al., 2007).

On the other hand, the mechanical properties of individual kernels are more related 
to quality parameters characteristic of the different cereals. Between the individual 
kernel mechanical properties that have been studied, we find the modulus of elasticity 
and the maximum compressive force or the average breaking force. Thus,  the rela-
tionship between kernel hardness, a quality parameter used for grading cereals like 
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wheat,  and  some  mechanical  properties  like  the  maximum  compressive  stress  has 
been proven (Osborne and Anderssen 2003). As for rice, the average breaking force 
measured with a bending test has been shown to be correlated to the percentage of fis-
sured kernels at the end of any storage period after drying (Nguyen and Kunze 1984).

13.2.1.1  Measurement of Mechanical Properties of Bulk Grain
The design of equipment for primary silos for granular agricultural material requires 
knowledge of the properties of stored materials that influence the loads of the struc-
ture. Traditional methods of silo design took into account some properties of stored 
material such as specific weight, internal friction angle, and the grain-to-wall fric-
tion coefficient. Recently, numerical methods have been proposed  for  silo design. 
The use of this technique implies the consideration of additional material properties 
such as elasticity modulus or Poisson’s ratio (Moya et al., 2002).

There are a number of testing methods for bulk grain property evaluation, and 
many of them have been adapted from methods used in soil mechanics. For example, 
Poisson’s ratio relates to the strain of a material in the lateral and longitudinal direc-
tions. Usual methods  for  its measurement  are  triaxial  and biaxial  tests. However, 
other  methods  are  available  as  the  one  considered  by  the  European  Standards 
(European  Committee  for  Standarization,  1995)  or  lambdameters  proposed  by 
Kwade et al. (1994).

The Young’s modulus of elasticity is the ratio of stress to strain when an elastic 
solid material,  like a bulk grain sample,  is compressed. The determination of  the 
modulus of elasticity can be carried out using a uniaxial compression tester like an 
oedometer  (Bauer 1992) or  the experimental set  for  the uniaxial compression  test 
proposed by Molenda and Stasiak (2002). A triaxial test can also be performed to 
determine this parameter.

Acoustic  methods  have  also  been  proposed  for  the  determination  of  elastic 
parameters of bulk cereal grains. Ultrasound velocity measurement has been used to 
evaluate textural properties of raw materials and products on-line during technologi-
cal processes in the food industry (Gan et al., 2002). Stasiak et al. (2007) developed 
an experimental setup, similar to the one shown in Figure 13.1, which generated and 
recorded acoustic shear waves. With  the aid of a digital oscilloscope,  the  time of 
propagation of an acoustic shear wave through the sample of grain was measured 
and the modulus of elasticity was calculated from Equation (13.1) (Timoshenko and 
Goodier 1970):

  E = 2ρVs
2(1 + ν)  (13.1)

where E is the modulus of elasticity (MPa), ρ is the bulk density (kg m−3), Vs is the 
speed of acoustic shear waves (m s−1), and ν is Poisson’s ratio.

Experiments with wheat, barley, corn, oats, and  triticale were carried out. The 
modulus of elasticity was found to increase with a buildup in hydrostatic pressure 
and decrease with increasing moisture content.

The coefficient of friction, along with bulk density and pressure ratio, are param-
eters  commonly used  to calculate  loads exerted by grain on  storage  structures.  It 
depends on the type of grain, its bulk density and moisture content, and roughness 
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of  the  wall  surface  (Rusinek  and  Molenda  2007).  The  direct  shear  test  has  been 
frequently  used  to  measure  frictional  properties  of  granular  materials  because  of 
its simplicity and versatility. This test creates a shear zone within the sample by the 
relative movement of one cell with respect to the other.

13.2.1.2  Measurement of Individual Kernel Mechanical Properties
Milling is a process of applying mechanical loads to grain kernels. Therefore, milling 
quality of any kind of cereal is directly related to mechanical properties of individual 
kernels. The study of  the  relation of  force  to stresses and strains  in an  individual 
wheat kernel may be useful in understanding how a wheat kernel is fractured when 
subjected  to forces  intended  to reduce particle size. The mechanical properties of 
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FIGURE  13.1  Experimental  setup  for  generating  and  recording  acoustic  shear  waves  in 
cylindrical hydrostatic chamber. (Reprinted with permission from Stasiak, M., M. Molenda, 
and J. Horabik, J. 2007. Determination of modulus of elasticity of cereals and rapeseeds using 
acoustic method. Journal of Food Engineering 82: 51–57.)
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rice kernels are also crucial for understanding the fissuring problem and to optimize 
drying and milling operations.

The methods used to study mechanical properties of individual grain kernels are 
the compression test and bending test.

Uniaxial compression tests on single grains are routinely conducted using fully 
automatic  test equipment such as  the Instron Universal Testing apparatus. For  the 
standard method (ASAE, 2009), single intact cereal grains are placed between two 
parallel plates of the lower and upper heads of the compression-testing instrument 
(Figure  13.2).  A  constant  loading  rate  of  1.25  mm/min  ±  50%  is  recommended 
for  seeds  and  grain  compression  tests.  The  complete  force–deformation  curve  is 
recorded  through  the  point  of  rupture.  From  the  force–deformation  plotting  and 
using adequate equations, values of several mechanical parameters, such as modu-
lus of elasticity and maximum compressive stress or bioyield stress/strain, can be 
calculated. Kang et al. (1995) determined the mechanical properties of five different 
wheat classes and found that moisture content had a large influence on the modulus 
of elasticity and bioyield stress and strain values. They proposed using the modulus 
of deformability at a moisture content of 18% (d.b.) to separate soft and hard wheat 
classes.  Similar  conclusions  can  be  drawn  from  the  study  of  Sayyah  and  Minaei 
(2004). The  relation between other elastic properties with quality parameters  like 
wheat hardness has also been studied. Osborne et al. (2007) found that the maximum 
compressive strength measured in wheat kernels using a uniaxial compression test 
was correlated with  the endosperm strength determined  from  the crush–response 
profiles that are obtained in the single-kernel characterization system (SKCS).

As for bending tests, the three-point bending test is frequently used for measur-
ing elastic properties of grains. In this test a single grain rests on two supports and 
a compressing bar moves down between the two supports, bending the grain until 
it snaps. Deformation is linearly related to applied load up to the break point. From 
this  curve,  several  mechanical  parameters  such  as  as  bending  strength,  modulus 
of elasticity, or deformation at breakage can be determined. Lu and Siebenmorgen 
(1995) tried to correlate head rice yield (HRY) with selected mechanical properties 
obtained from compression and bending tests. They found that compression tests did 

Loading force

Grain kernel

FIGURE 13.2  Schematic of a uniaxial compression test for a single grain kernel. Typical 
force–deformation curve.
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not accurately reflect HRY, but it was possible to predict HRYs from bending tests 
because this parameter was closely related to the percentage of rough rice that failed 
in bending under a certain critical breaking force.

13.2.2  GeoMetrical ProPerties: shaPe and size by iMaGe analysis

In recent years there have been attempts to develop nondestructive, noninvasive sen-
sors for assessing composition and quality of food products. Various sensors such as 
the charge-coupled device (CCD) camera, ultrasound, magnetic resonance imaging 
(MRI), computed tomography (CT), and electrical tomography (ET) are used widely 
to obtain images of food products.

In general, the biggest challenge in image analysis is to adapt existing applications 
of  imaging  technology  to a specific problem. This requires that we recognize  the 
problem and determine if it can be solved by image processing, know and understand 
the capabilities and limitations of image processing, and use the previously discussed 
information on fundamental techniques of algorithms and its implementation.

In some cases the images we acquire are of 3-D objects, such as a dispersion of 
starch granules or cereal grains for size measurement. These pictures may be taken 
with a macro camera or a scanning electron microscope (SEM), depending on the 
magnification required. If care taken in dispersing the particles on a contrasting 
surface so that small particles do not hide behind large ones, there should be no dif-
ficulty in interpreting the results.

Compared with other features such as color and texture, shape is easier to mea-
sure  using  image  processing  techniques.  Frequently,  the  objects  of  one  class  can 
be distinguished  from  the others by  their  shapes, which are physical dimensional 
measurements that characterize the appearance of an object. Shape features can be 
measured independently and by combining size measurements.

Among  the  most  common  applications  of  image  analysis  in  the  grain  sector 
includes the identification and classification of seeds through their color, size, shape, 
and texture characteristics.

Sakai et al. (1996) analyzed the effects of rice varieties and polishing methods 
on the shape of brown rice and polished rice by image processing to investigate 
the possibility of separating the rice varieties by their differences in shape. Area, 
perimeter, maximum length, maximum width, compactness, and elongation were 
measured.

Four parameters were measured:

•  Area: This is the projected area of a particle on the 2-D plane.
•  Perimeter: This is the length of the perimeter of a particle’s projected image 

on the 2-D plane.
•  Maximum length: This is defined as the maximum length of a straight line 

connected by two points on the perimeter of a particle.
•  Maximum width: This is defined as the maximum length of a straight line 

perpendicular to the line of maximum length.

Two shape factors were defined and derived from the dimensions as follows:
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•  Compactness: This is the term defined by Equation (13.2) (takes the value 
of 1 for a circle):

 C S
R

=
4

2
π

 (13.2)

•  where C is compactness (dimensionless), S is the projected area of the sam-
ple (mm2), and R is the perimeter of the sample (mm).

•  Elongation: This is the ratio of maximum length divided by maximum width.
•  Particle mass: The mass of each group of 100 particles is measured on an 

electric balance (minimum reading = 1 mg) after image processing. Particle 
mass is used for the calculation of the polishing percentage.

•  Polishing percentage: This  is  calculated  from  the differences  in  particle 
mass before and after polishing.

The first problem is  to select  the measuring method (whether  two-dimensional 
[2-D] or three-dimensional [3-D]). The authors have previously reported 3-D analyti-
cal results by image processing for soybean seed (Sakai and Yonekawa 1992), but 
this method is inadequate for a rice particle because of its light permeability. The 
2-D measurement has some problems, such as reduced information on a particle, but 
has merit because the measuring system is simple and many samples can be treated 
together. Therefore, the 2-D measurement was selected for this study.

The maximum length, maximum width, and elongation were different from the 
traditional dimensions such as length and width. Separating the rice varieties was 
possible at a probability level of 95.45% with combined dimensions and shape fac-
tors or with single ones.

Shape variation, based on grain morphology, was quantified in 15 Indian wheat 
varieties by digital image analysis using custom-built software (Shouche et al. 2001). 
Gray images of the grains of different varieties were captured in a crease-down posi-
tion using an HP scan jet IICX/T scanner in transparency mode. The software rotates 
each  grain  in  the  captured  image  for  normalization  of  orientation.  These  rotated 
images were used for further analysis. Geometric features such as area, perimeter, 
compactness, major and minor axis length and their ratios, slenderness, and spread 
were  computed  on  the  binary  image.  Five  other  shape  factors  were  derived  from 
these basic geometric  features. Moment analysis  for calculating standard, central, 
normalized central, and invariant moments of grains was done using the gray images 
of grains. The data for each parameter for every grain in the image as well as the 
mean, standard deviation (S.D.), and standard error (S.E.) for  that parameter were 
stored for further use. The wheat varieties used in this study showed differences in 
geometric and shape-related parameters. It was concluded that Euclidean distance 
calculated on the basis of these differences could serve as a basis of distinguishing 
between samples and for their identification.

More recently, Zapotoczny et al. (2008) applied image analysis for varietal clas-
sification of Polish spring barley. The objective of this study was to determine the 
utility of morphological features for classifying individual kernels of five varieties 
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of barley. Morphological features are based on measurements of linear dimensions 
(i.e., minimal and maximal length, width, perimeter, and convex perimeter). On the 
basis of the measurement of basic parameters, shape factors such as aspect ratio, area 
ratio, circularity, eccentricity, elongation, slenderness, compactness, and corrugation 
were calculated. The measurements of morphological features also include calcula-
tion of the center of gravity and geometrical momentum. Furthermore, coefficients 
based on the measurement of the distance of the center of gravity from the object 
perimeter were calculated. In summary, each barley kernel was described using 74 
morphological  features. The  selection was carried out using  three methods based 
on Fisher’s coefficient, probability of error, and average correlation coefficient and 
mutual information.

With the same purpose of inspection and evaluation, Igathinathane et al. (2009) 
developed a machine vision ImageJ plug-in for Java for orthogonal length and width 
determination of singulated particles from digital images. A flatbed scanner obtained 
the digital images of particulate samples. The pixel-march method, which compared 
pixel colors to determine object boundaries for dimensional measurements, utilized 
only the ImageJ fitted-ellipse centroid coordinates and major axis inclination. The 
pixel-march started  from centroid objects and proceeded along  the fitted ellipse’s 
major  and  minor  axes  for  boundary  identification.  Actual  dimensions  of  selected 
reference particles measured using digital calipers validated the plug-in. The plug-in 
was applied  to measure orthogonal dimensions of eight  types of food grains. The 
plug-in has overall accuracy greater  than 96.6%, computation speed of 254 ± 125 
particles/s, handles all shapes and particle orientations, makes repeatable measure-
ments, and is economical. Applications of the developed plug-in may include routine 
laboratory  dimensional  measurements,  physical  dimensional  characteristics,  size-
based grading, and sieve analysis simulation for particle size distribution.

13.2.3  color by iMaGe analysis

Color is used extensively for grain measurement. Thus, Neuman et al. (1989) devel-
oped  a color  digital  image  processing  workstation  to  instrumentally  evaluate  the 
color of individual cereal grains and other objects identified within digital images. 
Digital color  images were acquired by video digitization of  the RGB (red, green, 
blue) signals produced by a Saticon-type video camera. A low-cost microcomputer 
frame grabber system was used to control digitization, to perform image segmenta-
tion, and to extract color features. Color attributes of cultivars belonging to differ-
ent wheat classes were examined. In general, significant differences were discerned 
between varieties of different class (e.g., amber durum and hard red) and some vari-
eties within the same class (e.g., hard red spring varieties Neepawa and Columbus). 
On the other hand, Casady et al. (1992) developed a trainable algorithm on a color 
machine vision system for  inspection of soybean seed quality. The variables used 
for classification were color chromaticity coordinates and seed sphericity. Ahmad 
et al. (1999) developed an RGB color feature–based multivariate decision model to 
discriminate between asymptomatic and symptomatic soybean seeds for inspection 
and grading, which comprises six color features including averages, minimums, and 
variances for RGB pixel values. Ruan et al. (2001) developed an automatic system to 
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determine the weight percentage of scabby wheat kernels, based on color features of 
scabby kernels captured by machine vision.

On the other hand, Liu et al. (2005) developed an image analysis algorithm based 
on color and morphological features for identifying different varieties of rice seeds. 
Seven color features and fourteen morphological features were used for discriminate 
analysis. A two-layer neural network model was developed for classification. A CCD 
color camera was used to record images of each rice seed variety. Thresholding is 
the approach used for image segmentation. Threshold value is generated according 
the results of the histogram analysis.

13.2.4  texture by iMaGe analysis

In image analysis, texture is an attribute representing the spatial arrangement of the 
grey levels of the pixels in a region. The texture of a segmented area is an important 
feature for area description, which quantifies some characteristic of  the grey-level 
variation  within  the  object.  Among  the  texture  analysis  methods  for  food  qual-
ity evaluation, most approaches are statistical  including the pixel-value run length 
method. A digital image analysis algorithm was developed to facilitate classification 
of cereal grains using  textural  features of  individual grains  (Majumdar and Jayas 
2000). The textural features of individual kernels were extracted from different col-
ors and color band combinations of images. There were 25 textural features used in 
the discriminant analysis;  that  is, 10 grey-level co-occurrence matrix  features, 12 
grey-level run length matrix features, and three grey-level features.

Nevertheless, we can also find in the literature other applications of image analy-
sis, for example, to measure the volume of the grain or to identify damaged kernels. 
Thus,  the work of Ávila et al.  (2002) presented  in  the XIV International Graphic 
Engineering Congress  (Santander, Spain), explored obtaining a  three-dimensional 
computerized reconstruction of a cereal grain from images, which permits measur-
ing  the volume of each grain and different parts  in  it,  such as  the  starch and  the 
embryo. Although it is possible with relative ease to measure the three main dimen-
sions of the grain (length, width, and thickness), it is difficult to estimate their vol-
ume from these measurements. The analytical technique used was the single-kernel 
characterization  system  (SKCS),  which  allows  for  the  measurement  of  individual 
properties of each grain such as diameter, hardness, density, and so on. To do this, 
the following activities were carried out: a suitable technique to embed the grain was 
developed, serial sections were acquired from the embeddings, the section images 
were digitized, a computerized three-dimensional reconstruction of the kernel was 
created, and the starch and embryo volume of the model was measured (Figure 13.3).

Steenoek et al. (2001) implemented a computer vision system for corn kernel dam-
age evaluation. Major categories of corn damage in the Midwestern US grain market 
were blue-eye mold damage and germ damage. The officially sampled Federal Grain 
Inspection Service (FGIS) provided 720 corn kernels. Inspectors classified these ker-
nels  into blue-eye mold, germ-damaged,  and  sound kernels  at  an 88% agreement 
rate.  A  color  vision  system  and  lighting  chamber  were  developed  to  capture  rep-
licate images from each sample kernel. Images were segmented via input of RGB 
values into a neural network trained to recognize color patterns of blue-eye mold, 



294 Physical Properties of Foods

germ-damaged, sound germ, shadows in sound germ, hard starch, and soft starch. 
Morphological features (area and number of occurrences) from each of these color 
group areas were input in a genetic-based probabilistic neural network for computer 
vision image classification of kernels into blue-eye mold, germ-damaged, and sound 
categories. Correct classification by the network on unseen images was 78%, 94%, 
and 93%, respectively. Correct classification for sound and damaged categories on 
unseen images was 92% and 93%, respectively.

In  the cereal  industry,  the proportion of vitreous durum kernels  in a sample  is 
an  important grading attribute  in assessing  the quality of durum wheat. The cur-
rent  standard  method  of  determining  wheat  vitreousness  is  performed  by  visual 
inspection, which can be tedious and subjective. Thus, Xie et al. (2004) evaluated 
an automated machine vision inspection system to detect wheat vitreousness using 
reflectance and transmittance images. Two subclasses of durum wheat were investi-
gated in this study: hard vitreous and of amber color (HVAC) and not hard vitreous 
and of amber color  (NHVAC). A  total of 4,907 kernels  in  the calibration set and 
4,407 kernels in the validation set were imaged using a Cervitec 1625 grain inspec-
tion system. Classification models were developed with stepwise discriminant analy-
sis and an artificial neural network (ANN). A discriminant model correctly classified 
94.9% of the HVAC and 91.0% of the NHVAC in the calibration set, and 92.4% of 
the HVAC and 92.7% of the NHVAC in the validation set. The classification results 
using the ANN were not as good as with the discriminant methods, but the ANN 
only used features from reflectance images. Among all the kernels, mottled kernels 
were the most difficult to classify. Both reflectance and transmittance images were 
helpful  in  classification.  In  conclusion,  the  Cervitec 1625  automated  vision-based 
wheat quality inspection system may provide the grain industry with a rapid, objec-
tive, and accurate method to determine the vitreousness of durum wheat.

FIGURE  13.3  Complete  reconstruction  of  the  grain  volume  with  Microstation  Modeler 
software. The image on the left  is  the anterior view and the image on the right  is  the rear 
view.  (Reprinted  with  permission  from  Fernando  Fadon  Salazar  Univesidad  de  Cantabria 
[Spain], dated: March 16, 2011.)
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13.2.5  Microstructure by scanninG electron MicroscoPy

Recent  developments  in  the  microscopy  field  have  changed  our  understanding  of 
food structures and the types of information we can now expect to glean about them. 
Electron and light microscopy are the two most commonly used tools for studying 
food microstructure (James 2009).

A scanning electron microscope uses a finely focused beam of electrons to reveal 
the detailed surface characteristics of a specimen and provide information relating 
to its three-dimensional structure.

Ogawa  et  al.  (2003)  and  Dang  and  Copeland  (2004)  used  scanning  electron 
microscopy (SEM) to study morphological differences between rice grains of differ-
ent varieties. Ogawa et al. (2003) compared histological and morphological features 
in  raw and  cooked whole grain  sections of milled, medium grain California  rice 
using fluorescence and SEM. Milled, raw grains contain fine cracks throughout the 
endosperm and it is observed that once the grains are cooked, the cracks are wider 
and more defined. The cracks seem to serve as microchannels for water migration 
into the grain during cooking. The combination of fluorescence and SEM allowed 
the authors  to determine  that dense  regions with minimal starch gelatinization  in 
cooked grains were evidently areas with low water penetration. The voided regions 
were areas of high water penetration. For  these  reasons,  the cracks or absence of 
them create the unequal uptake of water into the grain during cooking.

Dang and Copeland (2004) used environmental scanning electron microscopy 
(ESEM) to explore the morphological differences between uncooked and parboiled 
rice grains. They observed that the sizes of endosperm cells varied between variet-
ies but were not related to the size of starch granules or to the amylose and amy-
lopectin  content  of  the  starch.  Differences  between  varieties  were  also  noted  in 
the  fracture  patterns  of  grains.  The  tendency  of  rice  grains  to  crack  (under  sun 
or during milling) is an important aspect of grain quality that has been related to 
defects in the grain. The interface between the cell wall and the cytoplasm inside 
endosperm cells is considered to be an area of weakness that makes grains more 
susceptible to cracking.

Noda et al. (2004), working with wheat grains, evaluated changes in the structure 
of partially digested starch produced by sprout-induced α-amylase. SEM was used 
to visualize the surface structure of the starch granules. Wheat starch samples at a 
significantly delayed harvest were used because they are associated with high activ-
ity of sprout-induced α-amylase (Ichinose et. al., 2001). Relatively small changes in 
surface structure of starch granules were visualized by SEM.

The structure of  the vitreous endosperm of raw and popped grains of popcorn 
maize  and  sorghum  were  examined  by  SEM.  Parker  et  al.  (1999),  in  researching 
new ready-to-use or ready-to-eat products and for diversified food and allied uses 
of the foxtail millet, suggested that popping-induced wall fragmentation improves 
the  accessibility  of  the  protein  and  starch  reserves  of  the  endosperm  to  digestive 
enzymes. Ushakumari et al. (2004) corroborated that traditional (popping and flak-
ing) as well as contemporary methods (roller drying and extrusion cooking) of cereal 
processing  could  be  successfully  applied  to  foxtail  millet  to  prepare  ready-to-eat 
products. The changes in the starch granular structure caused by heat treatment were 
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examined by SEM and it could be established that the degree of starch gelatiniza-
tion was highest in the case of roller-dried millet followed by popped, flaked, and 
extruded products. Puffed cereals are commonly used as ready-to-eat breakfast foods 
or as ingredients in snack formulations. The changes associated with the gun puff-
ing process were evaluated for six different grains (common wheat, emmer wheat, 
rye, barley, rice, and buckwheat). Mariotti et al. (2006) demonstrated that the effect 
of the puffing treatment is strongly influenced by the morphology and composition 
of the kernel. Besides, it is well known that moisture content and moisture transfer 
between bread components are significant factors contributing to bread staling (Gray 
and Bemiller 2003); thus, the use of low amounts of puffed flours in bread dough 
could slow the staling phenomenon so that the product would stay softer for a longer 
period. Significant changes  in starch structure and physical properties  induced by 
puffing modify the water-holding capacity of the product. This fact suggested that 
flours from puffed cereals could be successfully used to control water migration in 
baked products.

Changes in starch microstructure in soft and hard wheat grains after cooking in a 
pressure cooker was investigated by Srikaeo et al. (2006), who used SEM and a light 
microscope (LM) in conjunction with image analysis.

A novel processing technology was developed by Das et al. (2008) to polish rice 
in a more selective way with the help of xylanase and cellulase enzymes. They used 
SEM  to  evaluate  the  enzyme-degraded  surface  structure  of  the  rice  grain,  which 
allowed easy uptake of water through the bran layers and led to quicker gelatiniza-
tion of the rice on cooking.

Wijngaard  et  al.  (2007)  used  SEM  and  confocal  laser  scanning  microscopy 
(CLSM) to study how the malting process affected the structures of buckwheat and 
barley. SEM proved that buckwheat starch is degraded by both pitting and surface 
erosion. A concentric sphere structure was visible when buckwheat starch granules 
were partly broken down.

Another interesting use of SEM was presented by Mills et al. (2005). Combining 
the specificity of antibodies with topographical information from electron micros-
copy provided information on the distribution of components within wheat grains. 
Frozen, fractured grains are particularly useful for immunolabeling studies because 
the  aleurone  layer,  and  outer  (subaleurone)  and  inner  endosperm  can  be  clearly 
identified on the fracture face. This  technique could develop a more precise bio-
physical description of the grain and hence predict its milling and baking properties 
more effectively.

Another example of the use of SEM to evaluate how Fusarium-damaged kernels 
(FDK) are affected (Jackowiak et al., 2005). Examination of the FDK fraction con-
firmed localization of Fusarium hyphae on the surface and inside the tissues of ker-
nels. In addition, endosperm from Fusarium-infected kernels revealed the presence 
of  fungal  hyphae  in  the  endosperm  and  a  partial  or  complete  lack  of  the  protein 
matrix, damage to large and small starch granules caused by enzymes, disappear-
ance of small starch granules as the colonization progressed, and complete disap-
pearance of the starchy endosperm under severe infection.

Jaisut et al. (2008) developed a drying process that consists of high-temperature 
fluidized  bed  drying,  tempering,  and  ventilation  to  reduce  the  glycemic  index  of 
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brown fragrant  rice. The glycemic  index  is  related  to  the risk of Type 2 diabetes. 
SEM revealed that during processing, starch granules lost their polygonal shape and 
partial gelatinization of rice starch took place. During drying and tempering steps, 
the  bonds  between  amylose  and  amylopectin  molecules  in  starch  granules  were 
relaxed at their gelatinization temperatures, 68–78°C, and leaching of some amylase 
from starch granules led to partial gelatinization (Sander 1996).

It  is  possible  to  investigate  ancient  cereal  cooking practices  as Valamoti  et  al. 
(2008)  did  in  the  microstructure  of  preserved  starch  in  charred  ground  cereal 
remains recovered from prehistoric sites in Greece and Bulgaria. SEM demonstrated 
that, under some conditions, distinctive cooked starch structure survives the char-
ring process. The morphology of starch granules change predictably according  to 
the processing that they have undergone. Thus, detection of specific starch granule 
forms  can  be  used  to  interpret  ancient  food  preparation  techniques.  This  type  of 
study has focused on desiccated cereal foods, where preservation at the macroscopic 
and microstructural levels is often excellent.

13.3  HYGROSCOPIC PROPERTIES

13.3.1  equilibriuM Moisture content

In preserving hygroscopic materials, like cereals, the state of water plays a crucial 
role. The quality of stored grain depends not only on its moisture content, but also 
on moisture migration during storage. During storage, moisture migration can occur 
by natural convection of the interstitial air or by water infiltration due to structure 
leakage. Typically, convection problems occur at  the  top or bottom of bins where 
warm moist air may come in contact with cool headspace and ducting surface and 
condense. Grain will exchange water and interstitial air until the vapour pressure of 
water in the grain matches that of interstitial air. At this point, the moisture content 
of the grain will be the equilibrium moisture content (EMC). During the storage of 
cereals, it is of vital importance to know the equilibrium moisture content of grain 
because together with temperature, it will determine the environmental conditions of 
the interstitial storage air, which in turn is the primary factor for favorable or unfa-
vorable conditions for insect or mold development.

EMC  can  be  expressed  as  a  function  of  relative  humidity  and  temperature  of 
air using  the so-called moisture sorption  isotherms. These sorption  isotherms are 
graphical  representations,  for  different  temperatures,  of  the  relation  between  the 
relative humidity of the air and the equilibrium moisture content of grain in equilib-
rium with this air. Many methods are available for determining water sorption iso-
therms. These methods are (a) gravimetic, (b) manometric, and (c) hygrometric. The 
gravimetric method involves the measurement of mass changes that can occur and 
be measured both continuously and discontinuously in dynamic and static systems. 
The manometric method involves sensitive manometers to measure vapor pressure 
of water in equilibrium with the sample at a given moisture content. The hygromet-
ric method measures the equilibrium relative humidity of the air in contact with a 
food  material  at  given  moisture  content.  The  hygrometers  used  in  these  methods 
can be dew point hygrometers that detect the condensation of cooling water vapor 
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or electronic hygrometers that measure the change of conductance or capacitance of 
hygro sensors (Basu et al., 2006).

Once equilibrium conditions are determined for a given temperature, data can be 
fitted to different expressions that later can be used to predict equilibrium moisture 
content of grain if the air temperature and relative humidity are known.

The most common  technique  to determine  the equilibrium moisture content  is 
a static gravimetric method that was standardized and recommended by the Water 
Activity Group of the European COST 90 project (Wolf et al., 1985). The method 
uses  thermostated  jars  filled  at  the  bottom  with  supersaturated  salt  solutions  that 
maintain the desired air relative humidity. The sample is held at each relative humid-
ity  until  the  weight  stops  changing  and  then  the  sample  moisture  content  is  cal-
culated. This method has been extensively used  for  the determination of  sorption 
isotherms of grains like rough rice (San Martín et al. 2001; Iguaz and Vírseda 2007), 
barley (Basunia and Abe 2005), or corn (Samapundo et al., 2007). Although the salt-
saturated method provides accurate  results,  it has many associated disadvantages. 
The time required to reach equilibrium can be large (up to a month). Because of its 
manual nature, the method is exposed to different error sources like measurement 
errors derived from the removal of a sample from the storage container for periodic 
weighing or analytical balance inaccuracies. The long equilibration periods enhance 
the risk of mould formations or other sample contaminations.

To  avoid  the  drawbacks  of  the  saturated  salt  solution  method,  new  automated 
water  sorption  instruments  have  been  developed.  These  instruments  can  conve-
niently  and precisely  control both  relative humidity  and  temperature,  providing a 
faster and more robust method for the determination of sorption isotherms of differ-
ent materials including foods and grains.

Besides  these  new  automated  devices,  there  is  another  research  work  focused 
on the design and testing of different technologies that enable the determination of 
equilibrium moisture content of grain stored in bins by using temperature and rela-
tive humidity sensors.

13.3.1.1  Automated Water Sorption Systems
These  instruments,  including  the  Dynamic  Vapor  Sorption  (DVS)  instrument 
from Surface Measurement Systems Ltd., the Aquadyne DVS from Quantachrome 
Instruments,  the  IGAsorp  from  Hiden  Isochema,  the  Cisorp  Water  Sorption 
Analyser from C.I. Electronics Ltd., or the Q5000SA from TA Instruments, mea-
sure adsorption and desorption isotherms of water vapor accurately with minimal 
operator involvement. A scheme of automated water sorption equipment is shown 
in Figure 13.4. With this new technique, a sample is subjected to varying condi-
tions of humidity and temperature by using mass flow controllers, one for dry air 
and the other for air saturated with vapor. These mass flow controllers adjust the 
amounts of saturated and dry gas to obtain humidity from 0 to 98%. The weight 
of samples is constantly monitored and recorded using highly sensitive and stable 
digital microbalance instrument (0.1 µg weighting resolution). These instruments 
include a separate temperature-controlled zone where the balance is located, which 
ensures  long-term  stability  in  weight  measurements.  Humidity  and  temperature 
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sensors are located in the sample chamber, providing continuous indications of the 
experiment performance.

It is convenient to keep in mind that the true equilibrium between a sample and 
the humid air surrounding it requires an infinitely long period of time to be achieved. 
All of these automated water sorption instruments use an apparent equilibrium when 
weight  measurements  stop  changing  by  a  tolerable  level.  Increasing  the  tolerable 
weight change will speed up the process but may compromise equilibrium moisture 
content measurement.

13.3.1.2   Equilibrium Moisture Content Measurement 
of Grain Stored in Bins

Accurate measurement of moisture content of grain is very important in postharvest 
handling and processing operations such as drying and storage. When the moisture 
content of grain in storage is maintained below a critical level, the development of 
microorganisms,  insects, and molds can be retarded and chemical activity can be 
kept  stable. Equilibrium moisture  content  (EMC) of  grain  stored  in  a  bin  can be 
measured in samples obtained using sampling probes and analyzing them externally, 
but this is tedious and does not provide measurement in real time.
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FIGURE 13.4  Schematic of an automated water sorption instrument (DVS Intrinsic from 
SMS). (Courtesy of Surface Measurement Systems, Ltd.)
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The possibility of measuring in-bin moisture content of grain with inexpensive 
and reliable relative humidity (RH) and temperature sensors, such as the one shown 
in Figure 13.5, would be desirable for proper grain storage management. The equi-
librium relative humidity (ERH) technique consists of the use of sorption isotherms 
for determining the equilibrium moisture content of a mass of grain by measuring 
the  equilibrium  relative  humidity  and  temperature  of  the  interstitial  air  within  it 
(Young, 1991).

According to Young (1991), some aspects of this technique must be considered: 
(1) accurate relationships among moisture content, relative humidity, and tempera-
ture should be established; (2) grain equilibration with the environment needs to be 
established when the measurement  is made;  (3) at high relative humidity  levels, a 
small error in relative humidity measurement causes a large error in grain moisture 
content; and (4) measurement of relative humidity is subject to considerable error.

A serious handicap of using RH and temperature measurements for quick EMC 
determination is the slow response time of the sensors. Chen (2001) was the first to 
investigate whether  the use of  this  technique could be  feasible  for  rapid moisture 
content control of bulk-stored grain. He determined that a measurement time of 10 
minutes was required for the RH and temperature sensors he used (with a stagnant 

FIGURE 13.5  Relative humidity and temperature sensors that can be used for grain equi-
librium moisture content prediction (Model HPM46/HMI41 from VAISALA). (Courtesy of 
VAISALA.)
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air environment) to equilibrate the grain environment for accurate measurement. By 
calibrating the RH sensors with saturated salt solutions, the EMC of grain was pre-
dicted to within an accuracy of 1% with respect to the moisture content determined 
by the standard oven method for RH values below 85%.

Uddin  et  al.  (2006)  evaluated  the  contributions of RH and  temperature  sensor 
error in predicting the EMC of grain. Using a stagnant air environment protected 
sensor they concluded that temperature error effect was negligible on EMC predic-
tion  compared  to  RH  error.  They  evaluated  the  RH  sensor  error  contribution  on 
EMC prediction of about ±0.65% for RH between 20% and 70%, regardless of which 
isotherm equation (Modified Henderson, Chung-Pfost and Oswin) was used. For RH 
levels above 70% the EMC prediction error increased substantially.

Amstrong and Weiting  (2008) presented a new prototype RH and  temperature 
sensor that uses a thinner filter element to protect the sensor and a forced air flow 
(0.6 m3/h) inside the sensor to improve the response time of the instrument. The dif-
ference between the temperature of the probe prior to insertion into the grain and 
the grain temperature was proved to have a significant effect on the response and 
measurement time of the sensor, but in all cases the response time ranged from 4 to 
5 minutes.

13.3.2  Water diffusivity

Postharvest processing of cereals includes several operations such as drying, temper-
ing, or storage. All of these operations involve internal moisture and heat transfer. 
To design optimum strategies for drying, tempering, and storage operations, a good 
understanding of these transfer processes is necessary. Many mathematical models 
have been proposed for the study of grain drying (Iguaz et al. 2004a; Nishiyama et 
al. 2006), postdrying tempering (Yang et al., 2002), and storage (Iguaz et al., 2004b, 
2004c; Aregba and Nadeau 2007). These models assume that moisture transfer to the 
kernel surface is facilitated by diffusion of water, in the form of liquid or vapor, and 
were derived using a number of assumptions to simplify these models for computa-
tion (Gruwel et al., 2008). For example, all these models assume the initial moisture 
distribution within  the grain kernel  to be uniform or  a  constant water  diffusivity 
coefficient for the whole cereal grain. Recent studies with magnetic resonance imag-
ing have shown that water distribution in seeds is nonuniform prior to and during 
drying  (Ghosh  et  al.,  2006). On  the other  hand,  Ghosh  et  al.  (2007)  showed  that 
variations  in  water  diffusivity  coefficients  in  the  different  grain  components  can 
significantly reduce the accuracy of grain drying and storage models.

Traditionally,  the  water  diffusivity  coefficient  of  grains  have  been  determined 
as  a  bulk  value  obtained  by  the  gravimetric  method  from  drying  kinetic  experi-
ments with a simplified geometry (Iguaz et al., 2003). Novel techniques like mag-
netic resonance imaging (MRI) allow for the observation of moisture movement and 
distribution inside intact kernels in a nondestructive and noninvasive way. It also can 
be used to explain the moisture pattern during operations like drying (Ghosh et al., 
2006) and to measure the moisture diffusivity values of different grain components 
(Gruwel et al., 2008).
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13.3.2.1  Magnetic Resonance Image Analysis
Magnetic  resonance  imaging uses  radio waves and powerful magnets  to generate 
images  of  tissue.  A  strong  magnetic  field  partially  aligns  the  hydrogen  atoms  of 
water molecules  in  the  tissue. A radio wave  then disturbs  the built-up magnetiza-
tion, and radio waves are in turn emitted as the magnetization returns to its starting 
location. These radio waves are detected and used to construct an image (Ghosh et 
al., 2006).

The acquired MR images are gray-scale representations of the number of protons 
in the water-containing parts of cereal kernels, which in turn represent water distri-
bution. The brightness of the image is directly proportional to the proton density and 
hence the moisture content.

Ghosh (2007) used a magnetic resonance imaging (MRI) experimental setup to 
study the actual physical phenomena that occur during the drying of a wheat ker-
nel, similar to the one shown in Figure 13.6. A 11.7 T (500 MHz) Magnex (Magnex 
Scientific Ltd., Yarnton, UK) super-conducting vertical-bore magnet equipped with 
a Magnex SGRAD 123/72/S 72 mm self-shielded, water-cooled, gradient set capa-
ble of producing a maximum gradient strength of 550 mT m−1 was used for MRI 
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FIGURE 13.6  Schematic diagram of a magnetic resonance imaging (MRI) experimental 
setup  with  the  dryer  assembly.  (Reprinted  with  permission  from  Ghosh,  P.K.,  D.S.  Jayas, 
M.L.H. Gruwel, and N.D.G. White. 2007. A magnetic resonance imaging study of wheat dry-
ing kinetics. Biosystems Engineering 97: 189–190.)
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experiments. A custom-made MR imaging probe was designed and constructed to 
specifically fit a single wheat grain. For grain drying, dry nitrogen gas at 30°, 40°, 
and 50°C was supplied using an in-line variable temperature and flow controller unit. 
The MR images show the variation in the internal distribution of water prior to and 
during drying. Water was concentrated mainly in the embryo region and the embryo 
signal intensity remained high, even after 4 hours of drying at all three temperatures. 
Using a calibration curve of  the MRI  intensity of kernels with a known moisture 
content, drying kinetic curves for the different components of the wheat kernel can 
be elaborated from MR images. A calibration curve is needed because the magnetic 
resonance signal intensity is not always proportional to the actual moisture content 
at different locations of an image.

Diffusion-weighted imaging (DWI) is an application of MRI that targets the ran-
dom molecular mobility of water  in biological  tissues  and measures  the diffusiv-
ity values (also known as the apparent diffusion coefficient or ADC) of individual 
biological components (Thomas et al., 2000). In DWI, instead of the homogeneous 
magnetic  field  used  in  traditional  MRI,  the  homogeneity  is  varied  linearly  by  a 
pulsed field gradient. DWI has been successfully used by several researchers to mea-
sure moisture diffusivity in cereal grains such as wheat (Gruwel et al., 2008) or corn 
(Bačić et al., 1992). Ghosh et al. (2009) used DWI to obtain diffusion coefficients of 
water inside barley kernels obtained values of 2.2·10−5 mm2/s and 1.0·10−5 mm2/s for 
embryo and endosperm, respectively.

13.3.3  Grain sPecific WeiGht

Grain specific weight is usually used as an indicator of grain quality in commercial 
trading. It measures bulk density of grain and it is defined as the weight of grains 
needed to fill a container of known volume under specific conditions. In the United 
States, specific weight is measured in pounds of grain per volumetric bushel (2150 
in3) and in Europe as kilograms per hectoliter. Although there are some instruments 
on the market that can perform test weight determinations automatically, it is more 
usual that test weight is determined manually. The apparatus traditionally used for 
specific weight determinations consists of a hopper equipped with a slide gate sup-
ported above a container of known volume. Grain for testing is placed in the hop-
per. When the gate is opened, grain drops into the container, fills it, and flows over 
the sides. The operator strikes off the top of the container with a leveling stick and 
weighs it. These apparatuses need to meet some specifications according to the offi-
cial inspection regulations of each country.

Reference methods for grain bulk density determination are often tedious, time 
consuming, and very often limited to the testing of a few samples. That is why some 
research has been focused on developing other indirect methods that, although not 
being accepted for official  trading purposes, can be used to estimate bulk density 
with reasonably accurate results.

13.3.3.1  Image Analysis and Neural Network
Öste et al.  (1996) proposed a device  to estimate quality parameters of cereal ker-
nels, bulk density among them, by producing images of the cereal kernels. It is an 
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automatic and nondestructive method that is carried out quickly and easily (a sample 
of 100 g takes about 4 min to analyze). The instrument consists of an endless belt 
provided with transverse grooves where the kernels are properly arranged. A video 
camera  is  located above  the belt. At one signal  the belt  stops and  the video cam-
era takes an image of the kernels on the belt. The images of the kernels are taken 
in common visible light. The video camera must take images of the whole sample 
of kernels, which cover the belt without overlapping and without interspaces. That 
means that each kernel passing under the video camera will appear in exactly one 
image and each  image will  include a plurality of kernels. Once  the video camera 
has taken the kernel pictures, a computer processes the images. Different geometric 
parameters, such as surface area, length, and width, as well as color parameters, such 
as values of  the  intensity of  the red, green, and blue color components, are deter-
mined. Moreover, the number of kernels included in the analyzed sample can also 
be determined. The device includes a scale so the thousand kernel weight can eas-
ily be calculated. Mean value and standard deviations of each geometric and color 
parameter  are  then combined and used as  input  signals  to  a neural network. The 
best results, with a correlation of 0.89 between actual bulk density and bulk density 
measured with the novel device, were obtained when the following parameters were 
used as input signals to the neural network: mean and standard deviation of length 
values, mean and standard deviation of width values, mean and standard deviation 
of surface values, total sum of the lengths of the sample per unit of weight of the 
sample, total sum of the widths of the sample per unit of weight of the sample, total 
sum of the surface areas of the sample per unit of weight of the sample, and thousand 
kernel weight.

13.3.3.2  Dielectric Properties
Microwave  techniques are of growing  interest  to  industrial process monitoring as 
the methods are noninvasive, nondestructive, penetrative,  sensitive,  accurate,  reli-
able, easily calibrated, and lead to simple handling and servicing (Krasweski, 1996). 
Microwave sensor performance is based on the measurement of the dielectric prop-
erties of a material, which provides a basis for developing methods of indirect real-
time determination of its physical properties.

The  electrical  properties  of  materials,  known  as  dielectric  properties,  are  of 
critical importance in understanding the interaction of microwave electromagnetic 
energy with those materials as they determine the absorption of microwave energy. 
The more usual dielectric property is the relative complex permittivity defined by 
Equation (13.3):

  ε = έ  – jε˝  (13.3)

where the real part  έ , or dielectric constant, represents the ability of a material to 
store  the electric field energy and  the  imaginary part  ε ,̋  or dielectric  loss  factors 
reflects the ability of a material to dissipate electric energy in the form of heat.

The dielectric properties of most materials vary with several properties. In hygro-
scopic materials such as foods, the most relevant factor is moisture content. In granu-
lar or particulate materials, such as cereals, the bulk density of the air–grain mixture 
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is another  important  factor  that  influences dielectric properties. Other factors  that 
affect dielectric properties of materials are the applied alternating electric field, the 
temperature or the composition, and the structure of the material (Nelson, 1981).

The  relationship  between  dielectric  properties  and  the  physical  properties  of 
foods and other materials constitute the basis for the development of methods and 
sensors for the indirect determination of physical properties. Trabelsi et al. (2006) 
measured the relative complex permittivity of several cereal grains of different mois-
ture  content,  bulk  density,  and  temperature  over  a  broad  frequency  range  with  a 
pair  of  horn-lens  antennas  providing  a  focused  beam  and  proposed  explicit  ana-
lytical  relationships  for  indirect grain physical property determination. As  shown 
in Figure 13.7, they found that both έ  and ε˝ increased linearly with bulk density of 
samples of wheat, soybeans, and corn at a given moisture content and temperature, 
which was expected as an increase in bulk density results in an increase of the volu-
metric mass of water.

They  used  the  complex-plane  representation  for  investigating  the  variations  of 
έ  as a  function of ε .̋ They plotted  the normalized dielectric constant  έ /ρ against 
the normalized dielectric loss factor (ε /̋ρ) and they found that, for each cereal, data 
corresponding to samples of different moisture content and temperature fell along 
the same straight line, indicating that moisture content and temperature have inter-
changeable effects on  the dielectric properties. Based on  this  approach,  they pre-
sented Equations (13.4), (13.5), and (13.6) for predicting bulk density of each cereal 
as a  function of  its dielectric properties and  independent of moisture content and 
temperature.

For wheat (M = 10.4–18% w.b., T = 13–37°C):

 ρ
ε ε

=
⋅0 4395

1 0981
. –

.   (13.4)

For soybeans (M = 9.7–18.7% w.b., T = 10–38°C):

 ρ
ε ε

=
⋅0 5729

1 5918
. –

.   (13.5)

For corn (M = 10.7–20.1% w.b., T = –12–23°C):

 ρ
ε ε

=
⋅0 5086

1 2974
. –

.   (13.6)

The standard error of calibration and relative error for each cereal indicated that 
the method is as accurate, if not better, than other commonly used methods. Among 
the advantages of this method, the authors underline the possibility of determining 
bulk density of a sample without knowing its moisture content or temperature,  its 
potential for real-time on-line sensing of bulk density of grain under dynamic condi-
tions, and its safety of use (Trabelsi et al., 2001).
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13.4   PHYSICAL PROPERTIES IN FLOURS: 
RHEOLOGICAL DOUGH PROPERTIES

In  this  field,  the  most  important  properties  of  cereal  flour  dough  are  the  rheo-
logical properties, which determine performance during the various stages in the 
transformation process and have a great  influence on the final quality of cereal-
derived products.
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FIGURE 13.7  Dielectric constant (a) and dielectric loss factor (b) as a function of bulk den-
sity for wheat (M1 = 13.9% w.b., T2 = 24°C), soybeans (M = 14.4% w.b., T = 25°C) and corn (M 
= 14.0% w.b., T = 23°C) at 7.0 GHz. (1 Moisture content, 2Temperature)
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There is a wide range of physical  test methods designed to measure the dough 
response  to  the  application  of  different  kinds  of  deformations  or  strains.  These 
methods  can be divided  into  two very distinct groups:  the  techniques  that obtain 
fundamental rheological properties and those that give descriptive empirical mea-
surements of rheological properties.

13.4.1  eMPirical rheoloGical tests

Empirical rheological measurements must be obtained by specific instruments used 
under specific procedures  that  include the way the dough is obtained,  the geom-
etry and size of the test sample, and the deformation conditions. Therefore, these 
measurements are absolutely descriptive and dependent on the type of instrument 
and test performance condition, which means that properties measured by a par-
ticular instrument cannot be directly compared with those obtained with a differ-
ent instrument, or even with the same instrument if the analysis procedure is not 
exactly the same.

These  instrument  devices  have  been  designed  by  a  few  companies  in  several 
countries including Brabender Instruments in Germany (Farinograph, Extensigraph, 
Amylograph, Viscograph), Chopin in France (Alveograph, Consistograph, Mixolab), 
Newport Scientific  in Australia  (DoughLAB, Rapid Visco Analyzer), and TMCO 
National Manufacturing in the United States (Mixograph), among others. Most of 
these instruments are robust and easy to use by personnel who do not require much 
technical  training  in order  to provide  relatively accurate and  reproducible  results. 
From recorded data, a wide array of different parameters can be obtained. They are 
denoted with descriptive terms such as dough development time, stability, extensibil-
ity, resistance, work of deformation, or viscosity (apparent), which provide practical 
information in the evaluation of quality and performance during processing of cereal 
raw materials and products. Some of these measurements have been approved by dif-
ferent international organizations (e.g., AACC, ICC, International Organization for 
Standardization [ISO]) and are included as standards for the wheat and flour quality 
evaluation in the national food legislation of various countries (Table 13.1). All these 
facts explain why empirical descriptive physical  tests are commonly employed by 
the cereals  industry as part of  their quality control and research and development 
(R&D) activities.

Nevertheless, a revision of the scientific literature shows that these methods have 
been and are extensively used by many  researchers  in multiple fields of cereal  sci-
ence and technology (Table 13.2). Probably the most extended application of empirical 
physical tests is the characterization of end-user quality of different wheat genotypes 
(Bordes et al., 2008; van Bockstaele et al., 2008), including new breeding lines obtained 
by genetic engineering (Dumur et al., 2010). There also are many references that treat 
the evaluation of how the addition of different  ingredients  is suitable  to modify the 
physical behavior of dough and the quality of end products. These include enzymes 
(Collar  et  al.,  2005; Pham Van et  al.,  2007), nonstarch polysaccharides  and hydro-
colloids (Collar et al., 2005; Angionoli and Collar, 2008; Yalcin and Basman, 2008; 
Sudha and Venkateswara Rao, 2009), oxidants (Junqueira et al., 2007), blends of flour 
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TABLE 13.1
Main Empirical Rheological Tests

Instrument 
(Manufacturer) Matrix

Variable 
Measured Test Parameters Reference Methods

Mixing Properties
Farinograph 
(Brabender)

Wheat Torque Water absorption
Development time
Stability
Degree of softening

ICC 115/1
AACC 54-21.01
ISO 5530-1

Mixograph 
(TMCO National 
Manufacturing)

Wheat Torque Similar to farinograph AACC 54-40.01

Consistograph 
(Chopin)

Wheat Pressure Stability AACC 54-50.01

Deformation Behavior
Extensigraph 
(Brabender)

Wheat Resistance 
to 
(uniaxial) 
extension

Tenacity (P)
Extensibility (E)
Ratio R/E
Energy (area under the 
curve)

ICC 114/1
AACC 54-10.01
ISO 5530-2

Alveograph 
(Chopin)

Wheat Pressure: 
resistance 
to (biaxial) 
extension

Tenacity (P)
Extensibility (L)
Ratio P/L
Work of deformation (area 
under the curve)

ICC 121
AACC 54-30.02
ISO 5530-4

Pasting Properties
Amylograph 
(Brabender)

Wheat Apparent 
viscosity

Amilase activity
Gelatinization properties

ICC 126/1
AACC 22-10.01
AACC 22-12.01
ISO 7973
AACC 61-01.01 (Rice)

Viscograph 
(Brabender)

Starch Apparent 
viscosity

Gelatinization properties ICC 169
AACC 61-01
ISO 7973

Falling number 
instrument 
(Perten)

Grain and 
malted 
cereals

Time 
(apparent 
viscosity)

Amilase activity ICC 107/1
AACC 56-81.03
ISO/DIS 3093

Rapid 
Visco-analyser

  (Newport-Perten)

Grain flours 
and 
starches

Apparent 
viscosity

Amilase activity
Gelatinization properties

ICC 161
AACC 22-08.01
ICC 162
AACC 76-21.01 (wheat 
and rye)

AACC 76-22.01 (oat)
AACC 61-02.01 (rice)

Mixolab (Chopin) Wheat Torque Mixing properties
Gelatinization properties

ICC 173
AACC 54-60.01
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with waxy flours, and starches (Gianibelli et al., 2005), among other compounds and 
additives.

In  the following paragraphs, a brief description of  the main empirical physical 
test is presented. These tests are commonly classified in three groups, which can be 
associated with the different phases in the baking process: (1) the mixing properties 
to evaluate the behavior of dough during and after its development, (2) the instru-
ments that measure the resistance of dough to extension, and (3) the pasting proper-
ties that provide information about the changes in physical properties of dough in 
conditions that resemble those that take place during the baking process.

13.4.1.1  Mixing Properties
Recording  dough  mixers  are  designed  to  measure  the  resistance  to  mixing  (con-
sistency)  over  time,  from  the  moment  at  which  water  is  added  to  flour  until  the 
dough acquires its maximum development, and subsequently, when it  is subjected 
to overmixing.

The farinograph is the most widely used recording mixer. The instrument records 
the  torque  (consistency,  in  farinograph  units  [FUs])  as  a  measure  of  the  opposite 
deflection of  the motor housing caused by  the  resistance of  the dough against  the 
blades  in  the  mixer.  The  farinograms  showed  an  initial  ascending  part,  until  the 
consistency reaches a maximum value when the dough is fully developed, followed 
by a second phase of decline due to overmixing and progressive breakdown of the 
dough structure. From the curve, three main characteristics can be obtained: devel-
opment time, stability, and degree of softening. Prior to doing the farinograph test, 
it is necessary to determine the water absorption by flour, defined as the amount of 
water required for dough to reach a maximum consistency of 500 FU. A strong flour 

TABLE 13.2
Some Approximate Data about the Presence of References to Various 
Empirical Rheological Test Instruments in the Scientific Literaturea

Distribution of References over Time (%)

Instrument
Total n° of 
References

1945–
1970

1971–
1980

1981–
1990

1991–
2000

2001–
2010

1st 
Reference 

Year

Farinograph 1500 5 23 17 17   38 1948

Mixograph   600 1   9 13 26   51 1956

Extensigraph   560 7 24 15 15   39 1945

Alveograph   420 4 21 17 18   40 1952

Amylograph   720 6 25 29 20   20 1945

RVA   700 — —   1 16   83 1987

Mixolab   40 — — — — 100 2007

a  Data obtain from searches in the ISI Web of Knowledge (October 2010). Instrument names were used 
as topic terms of the search. Document types different than “article” were excluded.
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is characterized by high water absorption and a long mixing time required to became 
a completely developed dough, which maintains its consistency for a long period of 
time  (high  stability),  until  it  shows a moderate degree of  softening. The  standard 
farinograph mixer has two rotating Z-shaped blades, which submit the suspension 
of flour (300 g) and water  to a defined mechanical stress at constant  temperature. 
It is possible to attach other mixing tools to this mixer, which allows one to work 
with small sample sizes (50 g and 10 g), with other materials like rye doughs and 
sponge butters, or to impart intensive mixing and high shear to the dough (resisto-
graph mixer).

The mixograph is another recording mixer that is widely used, particularly in the 
United States. The interpretation of mixograms resembled that of farinograms. This 
instrument submits the dough to a more intense mixing action than the farinograph, 
leading to shorter test times. There are several models for sample sizes of 35 g, 10 
g, and 2 g.

In the consistograph, the resistance to mixing is recorded by monitoring the 
pressure on one side of the mixing bowl. A first test is usually made in which the 
water absorption at a target pressure is calculated on the basis of the maximum 
peak pressure  reached when dough  is obtained with an amount of water based 
on  the  initial  moisture  content  of  the  flour.  In  a  subsequent  test  performed  at 
the hydration level previously determined, physical properties of the wheat flour 
dough are determined. Finally, it must be noted that the alveo-consistograph joins 
the alveograph and consitograph utilities together in a single piece of equipment.

The most recent dough recorder mixer is  the doughLAB, which is designed for 
small sample sizes (4 g), and can work at high and variable speeds and at different 
temperatures (controlled in an external bath). It can be used for the evaluation of flour 
from soft, hard, and durum wheat, and other grains. With specific conditions,  test 
time can be reduced to 10 minutes, and data can be correlated with standard methods.

13.4.1.2  Extensional Measurements
Once the dough is formed, the second phase to evaluate baking quality is extensional 
measurements. It is concerned with the behavior of dough against extension forces, 
in  order  to  simulate  the  expansion  of  gas  during  fermentation  and  early  baking 
stages. There are several instruments designed to measure the resistance of dough 
to extension: the extensograph (uniaxial extension) and the alveograph (multiaxial 
extension) are the most widely used.

In the case of the extensograph, the dough is previously developed in a farino-
graph until it reaches a 500 FU consistency (AACC Method 54-10) or for a fixed 
5-minute period (ICC Standard 114). After that, the dough is divided into two test 
pieces.  Each  cylindrically  shaped  piece  is  transversally  stretched  until  it  breaks. 
The extensogram represents the exerted force versus stretching length (time). The 
main empirical parameters calculated from extensograms are: resistances to exten-
sion at 5 cm and maximum, extensibility or distance from the beginning of test to 
the dough rupture, the ratios of resistances to extensibility, and the area below the 
curve, which is proportional to the energy required to stretch the dough. Usually, 
for each flour sample,  the extensograph  test  is performed at  three different prov-
ing times (45 min, 90 min, and 135 min). Besides the application of the standard 
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methods, the extensograph is very useful to evaluate the influence of flour additives 
on the dough characteristics.

The  alveograph  is  probably  the most  empirical  rheological  instrument  used  in 
Europe. The alveographic test is an official standard method to evaluate rheologi-
cal properties of dough in  the EU countries (European Standard CEN/TS 15731). 
While in the extensograph, the dough is stretched in one direction; in the alveograph 
a three-dimensional extension is produced by blowing air below a circular piece of 
dough. As a result, the dough expands into a bubble, which seems to simulate well 
the expansion of the dough gas cells during fermentation and rising while baking. 
The alveograms are obtained by monitoring the air pressure under the bubble until 
it breaks. The interpretation of the main parameters obtained from the alveogram 
(Figure 13.8) is similar to that of the extensogram: tenacity (P) or maximum pres-
sure, extensibility (E) or length of the curve, baking strength (W) calculated from 
the area under the curve, and configuration ratio of the curve (P/L). Table 13.3 lists 
the alveographic characteristics of several different flours produced by the Spanish 
milling industry and the end products for which these flours are recommended.

13.4.1.3  Pasting Properties
During baking, physical properties of dough change drastically, partially due to the 
gelatinizing of starch and its hydrolysis by amylolytic enzymes. These changes can 
be simulated by several  instruments  that work  in a  similar  fashion: A suspension 
of flour and water  is controlled, heated, and its apparent viscosity  is continuously 
measured. During heating, two opposite phenomena take place: The gelatinization 
process causes the progressive rise of the suspension viscosity, and gelatinized starch 
becomes highly susceptible to amylolytic enzymes, particularly to α-amilase, which 
is much more thermostable than β-amilase. Hydrolysis of the starch diminishes the 
suspension viscosity. Therefore the maximum viscosity can be used to estimate the 
amylolitic activity of the flour. These variables are inversely related; the higher the 
amylolitic activity, the lower is the maximum viscosity.

Tenacity (P)

Extensibility (L or G)

P200

4 cm

Ie = Elasticity index = (P200/P) × 100

W = Baking strength

FIGURE 13.8  Alveogram.
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The  amylograph  was  the first  equipment  developed  for  the  analysis  of  pasting 
properties of flours. The standard method (AACC 22-10.01) for the measurement of 
α-amylase activity in wheat flour is widely used. It fixed the temperature increase of 
the flour and water suspension at 1.5°C/min (Figure 13.8). The maximum viscosity 
is called the amylograph value, peak viscosity, or malt index. Flour with a normal 
enzymatic activity usually has an apparent viscosity of 400–600 AU (amylograph 
units). Values below and above this limit will indicate strong and weak amylolitic 
capacities,  respectively.  This  standard  procedure  must  be  modified  according  to 
method AACC 22-12.01 in the case of the analysis of wheat flour supplemented with 
fungal α-amilase.

The Rapid Visco Analyzer  (RVA)  and  the viscograph  are  able  to measure  the 
rheological behavior of starch and products containing starch of any origin: cereals 
(Hagenimana and Ding, 2005), tubers (Svegmark et al., 2002), and legumes (Liu and 
Eskin, 1998). In these instruments, sample viscosity is recorded during a tempera-
ture program that commonly includes three phases: heating, holding, and cooling. 
The  temperature profile—heating and cooling  rates  (between 0.5 and 3°C/min  in 
the case of the viscograph, and until 14°C/min in the RVA), holding time, and tem-
perature—can be modified according to the application requirements. From curves, 
different parameters can be obtained: temperature at which gelatinization starts and 
finishes, maximum or peak viscosity during heating,  trough or minimum viscos-
ity  during  the  holding  phase  at  maximum  temperature,  breakdown  or  difference 

TABLE 13.3
Alveographic Parameters of Several Flours and Recommended End Products

Flour P/L W (kJ × 10−4) General Description Recommended End Products

Flour 1 0.20–0.30 85–110 Very soft flour, very 
extensible

Cookies, biscuits, soft cakes
Industrial bread (short 
fermentation)

Flour 2 0.30–0.40 130–150 Soft-Medium force 
flour

Very extensible

Cakes
Industrial bread

Flour 3 0.45–0.55 180–210 Medium force flour 
with good stretching 
properties

Artisanal bread (long 
fermentation)

Controlled fermentation

Flour 4
Flour 5

0.60–0.70
0.65–0.85

200–220
220–240

Strong flours
High tenacity
Medium stretching 
properties

Artisanal long fermentation 
and high volume breads

Flour 6
Flour 7

0.7–0.90
0.9–1.20

310–350
350–380

Very strong flours
Very high tenacity
Little stretching 
properties

Hamburger
Panned bread and toasted 
bread

Frozen bread and yeast-
leavened dough

Puff products
Improver flour for blending
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between peak viscosity and  trough, and final viscosity at  the end of cooling. The 
setback values—setback viscosity minus peak and/or trough viscosities—are indica-
tive of the retrogradation tendency of starch (Karim et al., 2000). It is outstanding 
that RVA is the rheological descriptive measurement instrument probably most cited 
in the scientific literature (Table 13.3) in the last decade. It has been widely used, 
not only in the study of flours and starches of any origin, but also in the analysis of 
hydrocolloids, dairy products, protein isolates, snacks, ready-to-eat cereals, and feed 
products, among other food products and ingredients.

Finally, the falling number (FN) must be cited. It is defined as the time in seconds 
required to stir and then allow the stirrer to fall a measured distance through a hot 
flour aqueous solution that is undergoing liquefaction (AACC method 56.81.03). As 
peak  viscosity  in  the  amylograph  test,  FN  is  inversely  correlated  with  α-amylase 
activity. Because of  its simplicity,  this  test  is widely employed for grain and flour 
quality control in many milling, malting, baking, and pasta industries.

13.4.1.4  The Mixolab
The Chopin Mixolab is the last available piece of laboratory equipment of the empir-
ical rheological testing device family. The main innovation in this instrument is that 
it allows  the characterization,  in a single  test, of both  the mixing and  the pasting 
properties of dough. Flour is placed in the bowl and water required for optimum con-
sistency is added. The instrument measures the torque (expressed in Nm) produced 
by the passage of the ingredients between the two kneading arms. The temperature 
of the bowls is controlled and programmed. Usually, the typical temperature profile 
shows five phases: mixing is made at a constant temperature (i.e., 30°C), follow by 
heating, holding at maximum temperature (i.e., 90°C), cooling, and holding at the 
end  temperature  (i.e.,  50°C). Rosell  et  al.  (2010) detailed  the physical  changes of 
dough in  the Mixolab test, distinguishing six stages (Figure 13.9). The two initial 
stages allow for the evaluation of the mixing properties of the dough. Torque rapidly 
rises until the dough is fully developed (point C1). Then, a period of almost constant 
torque occurs that determines the dough stability. Overmixing causes a decrease of 
the  torque, due  to  the weakening of  the protein network.  In  the  third stage, when 
heating is applied, protein destabilization and unfolding start, and an acceleration 
of the torque declines until a minimum value (C2) is observed. This is followed by 
a drastic increase (stage 4: C2–C3) in the torque in which the viscosity increment 
caused by starch gelatinization has the major role. When mechanical stress and tem-
perature constraints lead to the physical breakdown of the starch granules, viscosity 
and torque are reduced (stage 5: C3–C4), which can be related to the cooking stabil-
ity of starch. Stage 6 (C4–C6) corresponds to the final rise of the torque associated 
with the retrogradation and reordering of the gelatinized starch molecules that take 
place when temperature diminishes. Rosell el al. (2010) compared Mixolab mixing 
and pasting properties of fiber-enriched bread doughs with those obtained with the 
farinograph  and  Rapid  Visco  Analyzer,  respectively,  and  found  a  broad  range  of 
significant correlations. Good correlations were also obtained between Mixolab and 
the alveo-consitograph (Ozturk et al., 2008), alveograph (Koksel et al., 2009), and 
extensograph  results  (Cato and Mills, 2008). With  regard  to pasting properties,  it 
must be noted that while in traditional devices, such as the amylograph, viscograph, 
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and  Rapid  Visco  Analyzer,  tests  are  performed  in  flour  slurries,  in  the  Mixolab, 
torque  measures  are  made  in  a  dough  system  with  limited  water  content  (Rossel 
et al., 2007). This suggests that a better simulation of the modifications undergone 
during real baking should be obtained in Mixolab than in the traditional pasting test 
devices. Therefore, this new device seems to be a promising tool for the rheological 
assessment of bread dough. Two years after its introduction, the use of the Mixolab 
has been approved as a new AACC International Method (54-60.01).

13.4.2  fundaMental rheoloGical MeasureMents

Although empirical rheological tests are very useful for providing practical informa-
tion for the cereal industries, they are not sufficient for determining the fundamental 
behavior of dough processing and baking quality (Yihu and Qiang, 2007). This limi-
tation must be overcome by the determination of fundamental rheological measure-
ments that, by definition, should be tractable and universal, and independent of size, 
shape, and instrumental conditions.

Dobraszcyk and Morgenstern (2003) give a complete and detailed description of 
the principles,  applications,  advantages,  and  limitations of  the  fundamental  rheo-
logical measurements used in dough testing. They distinguished three main types of 
tests: dynamic oscillation, creep and relaxation, and extensional flow measurements.

According to these authors, the most preferred are the dynamic oscillation tests, 
which provide information about the viscous and elastic components of dough, mea-
suring its response to the application, over time, of sinusoidally oscillating stress or 
strain. The unique viscoelastic behavior of wheat dough is primary caused by the 
presence of gluten proteins. Dynamic oscillating testing has been applied to study 
mechanical properties of gluten previously extracted from dough. This approach has 
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become successful for examining the molecular basis of dough and gluten properties 
(Yihu and Qiang, 2007). Nevertheless, conventional shear rheological tests are usu-
ally made under small deformation conditions that are far from those observed dur-
ing actual mixing, fermentation, and baking, and therefore, they are not appropriate 
in predicting end-use quality. This criticism can be extended to most of the methods 
that have been used to measure the fundamental rheological properties of dough in 
extension (Dobraszcyk and Morgenstern, 2003).

Relaxation measurements have been useful not only  to study  the structure and 
properties  of  gluten  proteins,  but  have  also  been  found  to  be  significantly  corre-
lated with baking quality parameters and empirical rheological measurements (Van 
Bockstaele et al., 2008).

13.5  PHYSICAL PROPERTIES IN CEREALS PRODUCTS

13.5.1  texture in bakery Products

In  the mid-1960s,  texture profile analysis  (TPA) was created at General Foods as 
an imitative test that purports to provide standardized values of food texture. Great 
advances in the techniques and equipment have been achieved in the last 30 years. 
As a  result,  a convergence between  instrumental physical measurement and  tech-
niques of sensory science are set.

TPA has been used at length to study the texture changes in dough and bakery 
products (bread, muffins, sponge cake, or noodles) made of different cereals such 
as wheat,  rice,  or  oats. However,  apart  from TPA,  there  are other  tests  such  as 
tensile deformation  (Gujral et al., 2008), extrusion  test  in batter  (Sciarini et al., 
2010), and cut  test  in bread  (Giannou and Tzia, 2007). Lostie et al.  (2002) also 
investigated textural evolution based on photography and image analysis to evalu-
ate pore distribution. Most of these tests are compared with results obtained from 
sensory evaluation.

The technological quality of bread has been investigated with respect to dough 
texture  properties  (springiness,  hardness,  cohesiveness,  adhesiveness,  chewiness, 
etc. Armero and Collar (1997) studied the effect of ingredients, the bread-making 
process, and antistaling additives. Giannou and Tzia (2007) developed research to 
determine the effects on textural behavior and quality of frozen dough bread and to 
establish a prediction of final product characteristics.

There is an interest on the effect of frozen storage time in bread that is partially 
baked (Bárcenas and Rosell 2006); fully baked and frozen, or partially baked and 
frozen (Curic et al., 2008); or its effect in products such as partially baked chapati 
(Gujral et al., 2008).

TAP was also utilized to evaluate texture attributes of batter and bread quality in 
a gluten-free product (Miñarro et al., 2010; Sciarini et al., 2010).

There are some studies with muffins where texture properties are evaluated; for 
example, the addition of alternative ingredients to improve nutritional, textural, and 
sensorial parameters, and the quality of the product (Baixauli et al., 2007; Jisha et 
al., 2010).
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Katagiri and Kitabatake (2010) studied the rheological properties of traditional 
Japanese  wheat  noodles  where  a  compression  test  was  used  to  compare  hand-
stretched  process  with  machine-made  noodles.  In  the  work  of  Nakamura  et  al. 
(2010), a continuous progressive compression (CPC) method was put into practice in 
high-quality and bio-functional wheat and rice bread and noodles.

13.5.2  Microstructure by scanninG electron MicroscoPy

SEM has the particular advantage of providing great depth of field. These features 
turn this kind of microscopy into a useful tool to evaluate microstructures in food 
and ingredients due to comparative information obtained on the gross size and shape 
of the particles, and details of the internal microstructure can be determined. The 
form and interaction of individual components, including crystalline inclusions and 
air bubbles, can be examined; for example, in different types of bakery products. It 
is possible to reveal the form of the starch, in particular the intactness of starch gran-
ules together with the levels of association of the protein strands. This can often be 
related to the way in which the product is likely to break down in the mouth (Webb 
and Holgate, 2003).

Kàlab et al. (1995) mentioned that imaging techniques can be used to help evalu-
ate changes produced by processing in terms of morphology and composition. Most 
foods are of biological origin, but are processed to varying degrees, sometimes to 
such an extent that their biological origin is not readily apparent, for example, grain 
versus bread or milk versus cheese. Visual changes due to processing (e.g., milling 
of grain and gelatinization of starch) are the result of changes at the microscopic and 
molecular levels.

SEM is a relatively straightforward technique in its preparation of dry materials, 
and for this reason it is widely used for the characterization of powders (flour, sugars, 
tea, or coffee) (Webb and Holgate, 2003). A new kind of SEM has been developed 
to satisfy research needs. Conventional SEM works with dried samples and operates 
at high vacuum. There  is another alternative  in which the sample  is frozen below 
–80°C called cryo-SEM. However,  there are delicate hydrated or volatile samples 
often present in food-systems, which are not vacuum tolerant. For this reason, low-
vacuum SEM (LV-SEM) or variable-pressure SEM (VP-SEM) and a saturated water 
vapor environment called environmental SEM (ESEM) were developed (Kaláb et 
al., 1995; Webb and Holgate, 2003).

13.5.2.1  Bakery Products
To determine the nature of pore spaces in baked breads, various heating modes such 
as microwave-infrared (MIR), microwave-jet  (MJET)  impingement, and  jet  (JET) 
impingement are used. Datta et al. (2007) combined several novel and old techniques 
(liquid extrusion porosimetry, scanned image analysis, pycnometry, the volume dis-
placement method, and SEM) to characterize in terms of total porosity, fraction of 
closed, blind and flow-through pores, and pore size distributions. One technique can-
not cover the large range of pore sizes, total porosity, and flow-through versus closed 
pores. A significant fraction of the pores were found to be closed. Breads baked in 
JET had the highest total porosity followed by MJET and MIR. According to SEM 
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analysis, breads baked in JET ovens looked quite different than the ones baked in 
other  ovens.  It  was  also  presented  that  the  crust  region  of  the  bread  had  smaller 
pores, which were close to each other compared to the crumb region.

Also  investigating how  temperature  affects bakery products, Sanchez-Pardo et 
al. (2008) utilized imaging, light microscopy, and SEM to compare the microstruc-
ture of crumbs from pound cakes baked in a microwave or conventional oven. SEM 
was used to observe and compare, in 3-D, the starch granules and protein matrix in 
crumb cake. The conclusion was that conventionally baked products had a greater 
amount of protein matrix throughout; the matrix structure of the crumb was compa-
rable between microwave and conventionally baked pound cakes. Turabi et al. (2010) 
stated the fact that SEM has been widely used to study qualitative changes that occur 
during baking. However,  there  is  no  study  in which quantitative  information was 
obtained from SEM images of bakery products. Therefore, Turbai et al.’s research 
was designed to obtain quantitative and qualitative information on the macro- and 
microstructure  of  gluten-free  rice  cakes  containing  xanthan  and  xanthan-guar 
gum that were baked  in conventional or  IR-MW combination baking. First, more 
porous cakes were obtained when a xanthan and xanthan-guar gum blend was used. 
Besides, Turabi et al. (2010) found, unlike Sanchez-Pardo et al. (2008), that the bak-
ing method in  this case could affect porosity of  the cakes and formation of pores 
having a larger area. The microstructure of baked cakes was also different; that is, 
there were more deformed starches in conventionally baked cakes than in the cakes 
baked in an IR-MW combination oven. They reached the conclusion that quantitative 
analysis of SEM micrographs was possible.

On the opposite side of the thermometer, that is to say, in processes of refrigera-
tion and freezing, some studies also exist in which SEM has been used. For example, 
Yi and Kerr (2009) compared the effects of freezing temperature and rate as well as 
storage temperature and time on the quality of frozen dough. Yeasted bread dough 
was analyzed by cryo-SEM, which showed that dough stored at −30°C and −35°C 
had the least damaged gluten network. The main conclusion was that faster freezing 
and lower storage temperatures promote less damage to the gluten network, and thus 
help retain the elastic properties of the dough. On the other hand, relatively lower 
freezing rates and storage temperatures promote yeast viability and gassing power. 
In addition, prolonged storage times lead to detrimental changes in both gluten struc-
ture and yeast viability.

A study was carried out by Ben Aissa et al. (2010) to better understand the impact 
of the baking time on the contraction of the crumb during chilling after baking and 
during freezing. SEM pictures showed for longer baking times, the starch granules 
were fully gelatinized and no ghosts of starch granules were visible. The magnitude 
of the contraction was thus associated with the degree of baking and with the degree 
of starch granule destructuration. Results showed that a longer baking time resulted 
in a lower contraction of the bread.

Microencapsulated high-fat powders in bread and its effect on the structure com-
pared with commercial bread with partially hydrated vegetable fat was studied by 
O’Brien et al.  (2000). SEM showed differences  in structure between  the standard 
bread, bread with commercial vegetable fat, and breads containing microencapsu-
lated fat.
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Another study considered  the effect of an  ingredient  to  improve  the quality 
of the bread, which was developed by Bárcenas and Rosell (2005). In this case, 
the  effect  of  adding  hydroxypropyl  methylcellulose  (HPMC)  in  a  basic  bread 
formulation was analyzed  in  terms of microstructure, as a bread  improver and 
antistaling agent. The microstructure was analyzed by cryo-SEM. The gas cell 
wall of the control showed a strong connection among all the components, form-
ing a complex structure with numerous cavities. In opposition, the gas cell walls 
of the crumb containing HPMC showed a smooth structure with fewer cavities; 
the underneath components were not easily envisaged. The microstructure analy-
sis revealed the possible interaction between the HPMC and the bread constitu-
ents,  which  could  partially  explain  the  antistaling  effect  of  this  hydrocolloid. 
The results confirm the ability of HPMC to improve fresh bread quality and for 
delay staling.

Cryo-SEM was also used to evaluate the effect of an automatic dosing unit com-
pared  to  a  manual  dosing  unit  on  the  rheological,  microstructural,  and  textural 
properties of an aerated batter for preparing a bakery product. The batters’ micro-
structure revealed many changes that could be related to the dosing step (Baixauli 
et al., 2007).

Saleem et al. (2005) determined the physical and mechanical properties required 
to develop a numerical solution procedure capable of predicting the stress state of 
a semisweet biscuit during the postbaking process, because rich tea biscuit variet-
ies can sometimes develop cracks up  to a  few hours after baking.  In  the electron 
micrographs of the cross section they observed that the commercial biscuits had a 
more open structure than pilot-scale biscuits, consisting of gaps between the material 
layers. This implies that the mobility of water will be highest in commercial biscuits 
due to their highly porous structure.

Indrani et al. (2010) evaluated the effect of replacing wheat flour with a 5%, 10%, 
15%, and 20% multigrain mix (MGM) (soya bean, oats, fenugreek seeds, flaxseed, 
and sesame seeds) on rheological and bread-making characteristics of wheat flour. 
SEM  evaluation  of  wheat  flour  dough  showed  that  the  protein  matrix  formed  a 
smooth, enveloping, veil-like network stretched over the starch granules. The results 
showed that bread with improved quality characteristics and perceptible multigrain 
taste could be produced by adding 15% MGM and a combination of additives.

There  is another  interesting study  investigating  the hypothesis  that contamina-
tion was present in ingested food. Gatti et al. (2009) developed, within a European 
project called Nanopathology, a new diagnostic  tool  for determining  the presence 
of inorganic materials in wheat bread and wheat biscuits from different countries. 
Inorganic, micro-, and nanoscaled contaminants were analyzed by means of ESEM. 
The results indicate that 40% of the samples analyzed contained foreign bodies such 
as ceramic and metallic debris of probable environmental or industrial origin.

13.5.2.2  Other Products and Technologies

13.5.2.2.1 Spaghetti and Noodles
Heneen  and  Brismar  (2003)  studied  the  structure  of  cooked  spaghetti  containing 
durum and bread wheat using LV-SEM. This research achieved characterization of 
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the different  regions of  spaghetti  in unprecedented detail. The  structural  features 
provided  novel  information  on  the  changes  accompanying  starch  gelatinization. 
The changes were expressed in the swelling of starch granules and the appearance 
of voids around them, changes in the internal structure of starch granules, fusions 
between neighboring granules with discontinuities in the protein matrix, and final 
starch deformation, segmentation, and possible retrogradation close to the surface.

The effect of fermentation of whole polished rice grains on the physical properties 
of rice flour and the rheological characteristics of rice noodles were investigated by 
Lu et al. (2005). SEM showed slight superficial corrosion in fermented rice starch 
granules. The fermented samples had very shallow pits but the control samples had 
no pits. The presence of the pits in the starch granules seems to indicate some break-
down of the starch.

13.5.2.2.2 High Hydrostatic Pressure
Celiac disease requires research about the use grains as alternatives to wheat or rye. 
Hüttner et al. (2009) investigated the effects of high hydrostatic pressure (HP) on oat 
batters (10 min at 200, 300, 350, 400, or 500 MPa). SEM and bright field microscopy 
were used to observe the effect of high HP on microstructure. The results indicated 
that high HP had a significant effect on oat batter microstructure, and both starch and 
proteins were affected. In addition, batter viscosity and elasticity were significantly 
improved, and changes became more evident at high pressures  (500 MPa), where 
SEM revealed that the starch granules of treated batters became swollen and slightly 
disintegrated.  Overall,  the  majority  of  oat  starch  granules  retained  their  granular 
structure, but significant changes in their surface appearance were visible. Hüttner 
et al.  (2010) described  the use of high HP as a  tool  to  improve  the bread-making 
performance of oat flour by adding treated samples (200, 350, and 500 MPa) to an 
oat-bread recipe, replacing 10%, 20%, or 40% of untreated oat flour. Bread analysis 
revealed significantly improved bread volume, and upon addition of 10% oat batter 
treated at 200 MPa, the staling rate was reduced in all breads containing oat batter 
treated at 200 MPa. The improved bread-making performance was attributed to the 
weakening of  the protein  structure, moisture  redistribution, and possibly changed 
interactions between proteins and starch nce. Oat batters treated at pressures greater 
than or equal to 350 MPa produced deteriorated bread quality. This technique might 
also be beneficial for the production of other freshly baked gluten-free breads, which 
are predominantly starch based and therefore characterized by fast staling.

Other research alternatives as with respect to gluten replacement for gluten-free 
products, Vallons et al. (2010) investigated the application of high-pressure process-
ing  of  sorghum  batters  (200  to  600  MPa  at  20°C)  in  the  production  of  sorghum 
breads, and the microstructure was investigated using SEM. At pressures over 300 
MPa, the batter consistency increased and treatment with pressures greater than or 
equal to 400 MPa resulted in microstructural changes. The starch granules became 
swollen and deformed, which was also observed by Hüttner et al. (2010). However, 
at 600 MPa, their granular structure remained intact. Furthermore, freeze-dried sor-
ghum batters treated at 200 MPa (weakest batter) and at 600 MPa (strongest batter) 
were added to a sorghum bread recipe, replacing 2% and 10% of untreated sorghum 
flour. The results showed that breads containing 2% or 10% at 200 MPa were not 
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significantly different from the control bread. However, the quality of breads con-
taining 2% at 600 MPa delayed staling.

A study of the effect of high HP in wheat batters was performed by Bárcenas et al. 
(2010). They developed analyses in microbiological, color, mechanical, and texture 
surface parameters. SEM was utilized and suggested that proteins were affected when 
subjected to pressure levels higher than 50 MPa, but starch modification required higher 
pressure levels, as Vallons (2010) and Hüttner (2010) observed in oat and sorghum. 
High  HP–treated  yeasted  doughs  led  to  wheat  breads  with  a  different  appearance 
and technological characteristics. This study suggests that novel textured cereal-based 
products treated with high HP in the 50–200 MPa range could be obtained.
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14 Physical Properties of 
Meat and Meat Products
Measurement Techniques 
and Applications

Kizkitza Insausti, Maria José Beriain, 
and Maria Victoria Sarriés

14.1  INTRODUCTION

The use of nondestructive physical measurements for the rapid characterization of 
the composition of raw materials and end products is essential in order to improve 
the quality of meat industry products.
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Classification systems are marketing instruments that try to predict the commer-
cial value of meat depending on differences that determine the economic value, such 
as carcass yield or the quantity of edible meat, or the sensory quality expected by 
consumers. Most classification systems in the world are based on carcass quality cat-
egories or commercial cuts. In these systems, visual parameters are assessed because 
they are easily applied in the slaughter process and these parameters are interesting 
for livestock producers, retailers, and butchers. However, meat quality is determined 
by properties that are perceived by the senses: color, texture, juiciness, and flavor. 
These properties of the carcass are not easily assessed visually and they are related 
to human perception, so they can change depending of geographic, commercial, and 
psychological aspects. Therefore, developing a method for predicting meat quality 
characteristics of a live animal or at the slaughterhouse could help the meat industry 
to ensure beef quality.

In addition, falling meat consumption in recent years has led the meat industry 
to develop brands that offer a product with a differentiated level of quality, thereby 
enhancing consumer satisfaction. Different methods based on physical properties of 
meat have therefore been studied with the purpose of achieving this goal.

Some of the technologies that are used nowadays for measuring physical param-
eters affecting meat quality, characterization, and classification are image analysis, 
ultrasound, color reflectance, hyperstectral imaging, computer tomography, and so 
on. These techniques are applied not only to meat and meat products, but also to the 
carcass and to the live animal because meat characterization and classification does 
not start in the steak. The whole production chain must be taken into account. The 
present chapter will therefore focus on the application of different technologies in 
order to objectively measure physical parameters of meat that can be used to char-
acterize and classify the quality of meat and meat products, namely, marbling, ten-
derness, and color, which are the main characteristics that determine meat quality. 
These techniques can be applied throughout the meat production chain, that is, from 
the farm to the final meat product. This is why this chapter includes novel measure-
ment techniques on the live animal, on the carcass, on meat, and on meat products.

14.2  NOVEL MEASUREMENT TECHNIQUES ON LIVE ANIMALS

Predicting an animal’s readiness for slaughter or for selection with superior car-
cass traits will help producers with valuable information on the time needed on the 
feedlot to obtain meat for a certain market and will also help to identify important 
parameters for breeding programs.

14.2.1  UltrasoUnd scanning

Ultrasound is used in many fields, typically to penetrate a medium and to measure 
the reflection signature or supply focused energy. The reflection signature can reveal 
details about the inner structure of the medium. The most well-known application 
of ultrasound is its use in sonography to produce pictures that allow visualization of 
subcutaneous body structures such as muscles.
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Ultrasound has been used for over forty years to determine body composition in 
live animals (Stouffer et al., 1959). Ultrasound offers the ability to rapidly and eco-
nomically estimate carcass characteristics of live animals. Generally, most research-
ers have found ultrasound to estimate carcass back fat thickness with an acceptable 
degree of accuracy (Brethour, 1992). Results for the longissimus muscle area have 
been less conclusive (Smith et al., 1992). The development of a transducer designed 
specifically for cattle use that would allow one to obtain an image of the entire lon-
gissimus muscle area, has resulted in improved accuracy of these traits (Figures 14.1 
and 14.2) (Herring et al., 1994). The image obtained by this technique gives informa-
tion on the muscle area and also on the ultrasound grey level, which is related to the 
amount of marbling in the scanned muscle.

Ultrasound has been, in general, identified as the technology with the greatest 
potential for beef because it can be applied to the live animal (Whittaker et al., 1992; 

FIGURE 14.1  Transducer designed specifically for ultrasound scanning in cattle.

FIGURE 14.2  Ultrasound scan where the longissimus dorsi muscle is shown at the 12th rib.
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Herring et al., 1994; Williams et al., 1997; Wall et al., 2004). However, there is a lack 
of recent literature comparing the accuracy of real-time ultrasound measurements 
taken at ages other than shortly before harvest (Wall et al., 2004).

Whittaker et al. (1992) suggested the idea that live animal scanning is better related 
to carcass and meat traits than carcass scanning because changes occur in muscle 
during slaughter and aging. This suggests that when this technology is applied to 
live animals, better correlation coefficients between ultrasonic readings and grading 
systems can be estimated. This technology can thus be used by producers in order to 
better manage the time on the feedlot depending on the desired carcass quality.

Another application of ultrasound has been to study the relationship between the 
fatty acid profile and ultrasound scans. Huerta-Leidenz et al. (1993) showed a linear 
relationship between the average of three ultrasound measurements of subcutaneous 
fat in live animals (at the rib-lumbar area over the 12th–13th ribs) and monounsatu-
rated/saturated fatty acid ratio (MUFA/SFA ratio).

14.2.2  others

Computer tomography (CT) measurement of areas and average densities of fat, muscle, 
and bone in cross-sectional scans through the body of a live animal can be used to 
predict total weights of each tissue, that is, the retail yield of the animal. Sheep and 
pigs have been successfully CT scanned in vivo for the last few decades, and the result-
ing data on carcass composition have been used in commercial breeding programs, at 
least for sheep (Jopson et al., 2004). Recent research in different sheep breeds has also 
shown strong negative genetic and phenotypic correlations between intramuscular fat 
and CT muscle density (Karamichou et al., 2006; Navajas et al., 2006). Since fat has a 
higher density than muscle fiber, a higher concentration of intramuscular fat will reduce 
the overall lean tissue density. Taste panel scores for flavor, juiciness, and overall palat-
ability have also shown strong negative correlations with CT muscle density, although 
no genetic association with toughness has been identified (Karamichou et al., 2006).

Lambe et al. (2008) also found that the combination of CT and live animal video 
image analysis could be employed to effect genetic improvement of carcass quality 
traits and intramuscular fat content within breeding programs for different sheep 
breeds, but it would be of little use as selection criteria to improve shear force or 
ultimate pH.

Surface electromyography (SEMG) records electrical signals in active muscle 
fibers through the skin surface. SEMG recordings have been related to muscle fiber 
composition and muscle fiber diameters in different species, which have important 
effects on meat quality (Ravn et al., 2008). A work in pigs and lambs has also shown 
associations of SEMG with the glycogen content of muscle fiber, postmortem rate of 
pH decline, and shear force measurements of meat. There is, therefore, potential to 
predict and classify animals depending on meat quality and meat eating quality in 
livestock using SEMG analysis.
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14.3  NOVEL MEASUREMENT TECHNIQUES ON THE CARCASS

The price of beef carcasses depends on the SEUROP carcass classification system 
(European Community, 1991, 2006). This system implements a scale for grading the 
conformation and another scale for grading the fat covering of the carcass as a basis 
for grading carcass quality.

The conformation and fat cover scores are furnished by slaughterhouse personnel 
who have been suitably trained in the grading of beef carcasses with the aid of the 
photographic patterns employed in the SEUROP system. This classification system 
is, however, sometimes criticized because of the level of subjectivity involved, which 
can cause classifications to vary between slaughterhouses and even between graders 
working at the same slaughterhouse (Fisher, 2007).

There are other grading systems, such as those from the US Department of 
Agriculture (USDA) and Meat Standards Australia (MSA), which include meat qual-
ity related to parameters in their classification schemes. But even these grading sys-
tems are trying to complement the classification with the objective measurements of 
different carcass physical properties. Therefore, new grading tools have been devel-
oped in an effort to achieve more objective classifications, for instance, ultrasound, 
infrared or electromagnetic systems, and image analysis (Oliver et al., 2010). All 
these techniques try to characterize and classify carcass quality and value in relation 
to the parameters that represent the real value of the meat, which is the consumed 
product obtained from the carcass, but always measuring physical properties that can 
be related to meat eating quality.

14.3.1  image analysis

Image analysis involves taking images of a carcass, then using software to extract 
data, such as linear measurements, volumes, angles, curvatures, and colors, which 
are used to predict the conformation and fat class. They can also predict more objec-
tive indicators of carcass value such as percentage hindquarter, yield of high-priced 
cuts and saleable yield.

The image analysis system is based on the digitalization of the images that have 
been taken with a video that has an optic objective adapted to it (photographic, 
microscopic, etc.). Digitalization converts the saved image in a spot matrix, which 
is identified by a computer depending on position coordinates, lightness, and color 
(Swatland, 1995).

The images to be analyzed can be taken with a holding frame or without stopping 
the carcass at the slaughter line. The first type of system has been more frequently 
used in Europe, while the second was developed in Australia. Images can be taken 
from the whole carcass (Figure 14.3) but also on the rib cut (Figure 14.4). The latter 
aims to quantify the longissimus dorsi muscle area as well as the amount and distri-
bution of fat flecks, which is directly related to the palatability of meat. With both 
measurements, an accurate classification of carcasses according to the final meat 
eating quality could be achieved. Data from all systems can be linked to improve 
predictions that are made using regression analysis.
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Image analysis has been approved by the European Commission as an official 
method for pig carcass classification (European Community, 2008, 2009) and it is in 
fact used to grade pig carcasses at a number of slaughterhouses in Europe. Implementing 
these procedures at slaughterhouses is harder in the case of cattle, in which the range 
of genotypes and production systems gives rise to high variability among carcasses.

FIGURE 14.4  Marbling measured by image analysis (From Goñi M.V., M. J. Beriain, G. 
Indurain, et al. 2007. Predicting longissimus dorsi characteristics in beef based on early post-
mortem colour measurements. Meat Science 76:38–45.)
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FIGURE 14.3  Measurements taken on a bovine carcass (lateral and dorsal) related to con-
formation. (From Mendizabal, J. A., A. Legarra, and A. Purroy. 2005. Relación entre la nota 
de conformación y diferentes medidas morfométricas realizadas mediante análisis de imagen 
en canales bovinas de diferentes conformaciones. Comunicaciones de las XI jornadas sobre 
producción animal. Información Técnica Económica Agraria 26(II):765–757. Zaragoza, 
España.)
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In this sense, Mendizabal et al. (2005) applied this technology to a wide range of 
beef carcasses classified from S to P for conformation (European carcass classifica-
tion system) in cattle from different productive purposes and breeds. In a second 
assay, image analysis was applied to carcasses obtained from pure breed beef-pur-
pose yearling bulls. When comparing results from both assays, it could be stated that 
image analysis applied at the slaughterhouse explained around 90% of conformation 
variability in pure breed young bulls. However, the explained variability was 69% 
in the first assay. These results provide evidence that image analysis offers good 
perspectives for classifying carcasses, but also, that these new technologies have to 
be adapted to each production system.

Different video image analysis (VIA) systems have therefore been developed, 
which differ in the number of cameras and photographs taken, the speed of clas-
sification, if no holding frame is used, the lighting system, the application for 
hot carcass or cold carcass grading, and so on. Some of the most important sys-
tems are BCC-2, which was developed by SFK Technology in Denmark; VBS 
2000, which was developed by E + V in Germany; MAC, which was developed 
by Normaclass in France; VIAScan, which was developed by Meat and Livestock 
Australia; and CVS, which that was developed by Lacombe University in Canada. 
Further information on these systems and on their applications and accuracies are 
reported in Cannell et al. (1999, 2002), Belk et al. (2000), Vote et al. (2003), and 
Wyle et al. (2003).

Nevertheless, it is important to note that the VIA systems have to be prepared 
and calibrated using reference scores determined by one or more human classifiers. 
Thus, any inaccuracy and inconsistency in the reference scores is included in the 
measured error of the VIA systems. It is therefore important to make sure that the 
best possible reference is used when systems are being calibrated or assessed. This 
may involve using a panel of experienced classifiers rather than a single classifier.

A common feature of all the trials of VIA systems is that conformation class is 
predicted with greater accuracy and repeatability than fat class. This may reflect the 
fact that human classifiers find it more difficult to accurately determine fat class than 
to determine conformation class.

In this sense, in Japan, beef marbling is considered one of the most important fac-
tors that determine beef eating quality, and highly marbled beef is usually consumed 
(Zembayashi and Lunt, 1995; Dubeski et al., 1997). In Japan, the ratio of marbling 
area to longissimus dorsi area (MA/LDA) was around 8% for the Japanese Black and 
5% for the Japanese Shorthorn (Kuchida et al., 1992). In the United States, Gerrard 
et al. (1996) reported 5.28% of intramuscular fat for a sample representative of the 
US market. These data differ from the ones observed in Spanish local cattle breeds, 
which showed MA/LDA ratios between 0.9% for Asturiana and 2.9% for Avileña 
breeds in young bulls slaughtered at 300 kg live weight (Goñi et al., 1999). Thus, the 
MA/LDA ratio measured by image analysis could estimate the eating quality of beef 
determined by its intramuscular fat content.
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14.3.2  UltrasoUnds

As already mentioned (Section 14.2.1), ultrasound has a great potential for carcass 
classification when applied to live animals, but it can also be used on the carcass when 
preharvest measurements cannot be taken. With regard to this, Indurain et al. (2006) 
found a significant and positive correlation between marbling and the grey level of 
ultrasonic image scanning at the 12th rib (r = 0.63; p < 0.001). In addition, there were 
specific fatty acids that were correlated to the ultrasound grey level (Indurain et al., 
2006). In intramuscular fat, C18:1 (r = 3.37, p < 0.05) and monounsaturated fatty acids 
(r = 0.36; p < 0.05) percentages were positively correlated to the whiteness of the ultra-
sonic image scanned at the 12th rib. However, it had a negative correlation coefficient 
with C18:2n-6 (r = −0.51, p < 0.01) and 18:3n-6 (r = −0.37, p < 0.05).

Thus, ultrasound measurements on the carcass can be used to sort carcasses as a 
function of longissimus muscle area and marbling, but also depending on the fatty 
acid composition of the intramuscular fat meat.

14.3.3  color reflectance

The Commission Internationale de l’Éclairage (CIE, 1976) has defined different 
representation systems in order to specify color in an objective way. In these sys-
tems, color is determined by three coordinates but the recommended one for meat 
is the CIE L*a*b* system because it shows the higher correlation with visual assess-
ments (Hunt et al., 1991). Spectrophotocolorimeters (Figure 14.5) and colorimeters 
(Figure 14.6) are the instruments for measuring color. They emit a light shaft and 
then receive the wave length coming from the objects. The obtained coordinates are 
lightness (L*), redness (a*), and yellowness (b*). The chroma (C*) and hue (H) can 
also be calculated as a function of a* and b*.

Most research has mainly been focused on the use of color reflectance mea-
sured on the carcass to estimate tenderness and color stability after aging. This still 
remains a challenge, but it could be of great interest for the meat industry to be able 
to categorize carcasses depending on the tenderness and color stability that meat will 
reach after aging. These two are major quality parameters in meat quality but they 
are very difficult to predict due to the heterogeneity of meat.

Regarding the estimation of tenderness, Jeremiah et al. (1991), Wulf et al. (1997), 
and Tatum et al. (1999) reported that objective measurements of longissimus dorsi 
(LD) muscle color were related closely enough to beef tenderness to allow carcasses 
to be sorted into carcass groupings of different palatability. Wulf and Page (2000) 
also found that when introducing L* and b* in multiple regression equations to pre-
dict longissimus dorsi shear force and palatability, the predicted R2 was higher than 
considering only marbling. The measurement of the longissimus dorsi muscle color 
would therefore be a noninvasive method and a potentially useful predictor of beef 
tenderness.

Goñi et al. (2007) found that carcass surface muscle color on the day of slaughter 
(45 minutes after slaughter) would have a less significant relationship with tender-
ness of beef after aging 7 and 14 days than color measurements taken 24 hours 
postmortem. However, the regression analysis showed that beef texture at 7 days can 
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be predicted quite accurately just 45 minutes after slaughter. This fact could be very 
important for the meat industry in Spain because most beef quality labels recom-
mend that beef meat should be aged 7 days.

Color stability is regulated by many interrelated factors (oxygen availability, enzy-
matic systems, mitochondrial activity, muscle integrity, lipid oxidation, microbial 

FIGURE 14.5  Spectrophotocolorimeter.

FIGURE 14.6  Colorimeter.
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spoilage, etc.). In beef from young bulls, these factors provide meat with an accept-
able color for consumers after 1 hour of blooming. On the contrary, after 48 hours 
display, a high percentage of beef samples, measured by reflectance with a spectro-
photocolorimeter, might be rejected by consumers due to discoloration problems, 
which will lead to an important economic loss (Insausti et al., 2006). Due to the 
relationship between metmyoglobin (MMb) and the acceptability of meat by con-
sumers, the MMb percentage was used to segregate between acceptable and unac-
ceptable beef color. MMb percentage was also used to estimate which samples are 
more likely bound to undergo discoloration, which is of great interest for the meat 
industry because it is necessary that carcass classification can be able to predict, at 
the slaughterhouse, the sensory quality of a product that will be consumed some days 
after slaughter. In this sense, the best regression equation to predict color stability 
(expressed as MMb% after 48 h display) in beef aged 7 days included a* measured 
on the carcass 45 minutes postmortem (R2 = 0.38, p < 0.001, Beriain et al., 2009).

Finally, color is an important quality characteristic and is a major determinant 
in pricing veal carcasses (Hulsegge et al., 2001). In The Netherlands, veal carcasses 
are, in addition to classification for conformation and fatness (SEUROP-system), 
assigned to different color classes by visually matching the color of the muscle rectus 
abdominis with fixed colors from a 10-point color scale, developed by the Institute 
for Animal Science and Health (ID Lelystad) (Hulsegge et al., 1996). The Dutch veal 
industry is interested in an on-line instrument method to determine the color of veal 
that produces results equivalent to the currently used 10-point color scale.

14.3.4  others

Other technologies that have been either applied to carcass grading or have potential 
for this application include near-infrared reflectance, total body electrical conductiv-
ity (TOBEC), bioelectrical impedance analysis (BIA), magnetic inductance technol-
ogy (MIT), and x-ray computer tomography (CT).

Visible and near-infrared (VIS/NIR) reflectance spectroscopy technology 
appeared to have the greatest potential to classify beef carcasses according to ten-
derness (Shackelford et al., 2005). An early application of VIS/NIR tenderness clas-
sification was focused on US Select carcasses because these carcasses are discounted 
relative to US Choice carcasses, even though the vast majority of US Select carcasses 
are acceptably tender. Shackelford et al. (2005) reported that VIS.NIR spectroscopy 
was effective in identifying carcasses that produced tender meat after aging. In the 
validation data set reported in that study, carcasses predicted to be tender had higher 
sensory panel tenderness ratings compared to those not predicted to be tender (5.6 
versus 5.1, respectively). Furthermore, only 5.5% of carcasses predicted to be ten-
der had slice shear force values greater than 25 kg compared to 30.1% of those not 
predicted to be tender. Future research objectives related to tenderness prediction 
include the application of this technology to carcasses of all quality grades, muscles 
other than the longissimus, and other species (Oliver et al., 2010).

Berg et al. (1994) showed that TOBEC could predict the fat and lean content of 
lamb carcasses with sufficient accuracy for grading applications, but the technology 
is not applicable to beef carcass grading due to size limitations. However, scanning 
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individual cuts with TOBEC can give accurate predictions of carcass wholesale 
value. BIA has also been shown to be a useful predictor of beef carcass composition 
(Zollinger et al., 2010). It is feasible that BIA could be used to augment VIA data 
because BIA measures the internal rather than the external fat, which is assessed by 
VIA. There are practical difficulties, however, related to the placement of electrodes 
on the carcass. MIT is similar in principle to TOBEC, but whereas the latter gener-
ates a field inside a large coil through which the carcass passes, with MIT the carcass 
passes through the field generated between pairs of coils. By using a series of coil 
pairs, it should be possible to gain information about the distribution of the lean tis-
sues as well as the total amount of lean in the carcass.

X-ray CT scanning facilitates the measurement of areas and average densities of 
fat, muscle, and bone in cross-sectional scans through the body of an animal. CT is 
based on the attenuation of x-rays through tissues and objects depending on their dif-
ferent densities. These differences are reflected in different CT values, which appear 
in the CT image in a grey scale. In this way, CT provides valuable information on 
total carcass composition in a fast way, and is a lower-cost alternative to manual 
dissection (Kongsro et al., 2009, Navajas et al., 2010, Jopson et al., 2004). Since 
commercially available CT scanning machines have been designed for use in human 
medicine, only livestock species small enough to fit through the circular gantry can 
undergo whole-body scanning.

14.4  NOVEL MEASUREMENT TECHNIQUES ON MEAT

Many investigators have attempted to apply technologies such as Tendertec (Belk 
et al., 2001), connective tissue probe (Swatland et al., 1998), elastography (Berg et 
al.,1999), near-infrared spectroscopy (Park et al., 1998), ultrasound (Park et al., 
1994), image analysis (Li et al., 2001), lean color attributes (Wulf et al., 1997), image 
analysis traits using prototype BeefCam® modules (Belk et al., 2000), and a combi-
nation of colorimetric, marbling, and hump height traits (Wulf and Page, 2000) for 
the purpose of classifying meat quality. In this regard, it must be taken into account 
that the main meat quality parameters are color (when purchasing), tenderness (while 
eating), and marbling (which determines characteristic flavor and palatability).

14.4.1  color

The color of muscle foods is critically appraised by consumers and it is often their 
basis for product selection or rejection. The color of uncooked meat and meat prod-
ucts is usually described as pink or red, but colors range from nearly white to dark 
red (Hunt et al., 1991).

There are many factors that may modify meat color. Thus, meat color depends on 
antemortem factors (breed, sex, age, type of muscular fiber, handling, feeding, stress 
previous to slaughter, and amount of pigments), factors at slaughter (development of 
rigor mortis and chilling, final pH, electrical stimulation, or bleeding) and postmor-
tem factors (aging, packaging, storing conditions, microbial contamination, or lipid 
oxidation) (Faustman and Cassens, 1990; Renerre, 1999).
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Myoglobin may be present in three different chemical states: it has a purple color 
when it is in the reduced state; it oxygenates in the presence of oxygen, changing 
meat color to brilliant red, but it can oxidize to metmyoglobin (MMb) changing meat 
to a brownish color (Rosset and Roussel-Ciquard, 1978). The proportion of the dif-
ferent states of myoglobin at the meat surface changes with storage conditions and 
the atmosphere around the meat and may determine the shelf life of meat. Oxygen 
and status of the enzymatic systems of myoglobin oxidation and reduction are the 
key factors that determine the balance among the different statuses of myoglobin, 
and in this way, beef color and consumer acceptability.

After slaughter and during storage, the rate of MMb accumulation on the surface 
of meat increases, causing a discoloration. MacDougall (1982) reported that con-
sumer discrimination begins at 20% MMb, and at that moment, half of consumers 
would refuse the meat (Hood and Riordan, 1973). A brownish color is evident at 40% 
MMb, and when meat achieves 50% MMb, 100% of consumers refuse the meat (Van 
den Oord and Wesdorp, 1971).

Discoloration of meat cuts can result in a large monetary loss to retailers as well 
as to the other segments of the industry. The strategy for maximizing acceptable 
color (and color shelf life) must involve delaying pigment oxidation and/or enhancing 
reduction of oxidized pigments (Renerre, 1999).

Color is traditionally assessed by photometric or spectrometric methods, using 
external (surface spectrophotometers or colorimeters) or internal (optic probes) mea-
surements (Eikelenboom et al., 1992).

As already mentioned (Section 14.3.3), there are different systems to measure 
color, but in meat the most used coordinates are L* (lightness), a* (redness) and, b* 
(yellowness). If a spectrophotocolorimeter is used, L*a*b* coordinates are recorded 
along with the reflectance at different wavelengths. The advantage of this is that the 
percentage of the different myoglobin forms at the meat surface can be calculated, 
as described by Hunt et al. (1991). Thus, the usefulness of this measuring technique 
applied directly on the meat cut is that it can help to follow meat discoloration during 
retail display, and eventually estimate the shelf life of meat under different packag-
ing conditions. In this regard, Insausti et al. (1999) found that color degradation 
could be predicted by means of metmyoglobin (calculated by reflectance data) and 
b* value in beef samples stored under vacuum and modified atmosphere for 15 days.

14.4.2  textUre

A number of techniques have been proposed to measure meat toughness using 
mechanical measurements. However, according to Tornberg (1996), there has been 
no real progress in this field since the 1930s, when the well-known Warner-Bratzler 
shear device was conceived. Nevertheless, other instrumental measurements, such as 
compression, tensile, penetrometry, and bite tests, are also used (Lepetit and Culioli, 
1994). However, most rheological studies of meat quality use the Warner-Bratzler 
shear force (WBSF) device in cooked meat and compression tests in raw meat. The 
equipment types reported in the literature to carry out these tests are the Instron 
(Figure 14.7) and the Texture Analyzer TA.XT (Figure 14.8). Different attachments 
or devices can be used in these devices in order to perform rheological tests.
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The WBSF device (Figure  14.9) measures the strength (kg or Newton) that is 
needed to cut through a piece of cooked meat so that the higher shear values are 
directly related to harder meat. To do so, the steak is previously cooked and left to 
cool for 2 to 24 hours in the refrigerator. The meat is then cut into pieces (1 cm × 
1 cm × 3.5 cm) in parallel to the muscle fibers. It is recommended to repeat the shear 
test in eight pieces of each steak.

Texture of raw meat is analyzed using a modified compression device (Figure 14.10, 
Campo et al., 2000) that avoids transversal elongation of the sample. The stress is 
usually assessed at the maximum rate of compression and at 20% and 80% of maxi-
mum compression. These values are related to the amount and type of connective 
tissue of the muscle.

Comparing these two measurement devices, Campo et al. (2000) observed that 
the WBSF test is not as good in assessing meat texture evolution through aging 
as the modified compression device using raw meat. These authors explained this 
difference in relation to the influence that heating has on muscle protein textural 

FIGURE 14.7  Instron equipment for texture analysis.
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FIGURE 14.8  Texture Analyser TA.XT.

FIGURE 14.9  Warner Bratzler shearing device.
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characteristics. They also reported that low compression rates, in raw meat, are 
clearly influenced by aging in the development of meat tenderness, and high com-
pression rates demonstrate the influence of connective tissue composition.

As already mentioned (Section 14.4), tenderness is the most important sensory 
attribute affecting consumer acceptability of beef (Robbins et al., 2003; Feuz et al., 
2004) and is also extremely variable. Aging is the practice of holding meat at low 
temperatures to improve tenderness; however, aging does not occur uniformly in all 
animals. There are species differences, genetic differences within species, and sex 
differences that occur during aging (Kuber et al., 2004) as well as large variations 
between individuals. Because aging is primarily the result of enzymatic activity, 
the amounts and activities of proteases and the condition and isotypic composition 
of substrate proteins all presumably influence the potential degree of tenderization 
(Ahn et al., 2003; Shimada and Takahashi 2003). Rapidly growing animals have 
higher levels of activity of muscle protease because of the need for rapid turnover, 
and would be expected to age to a greater degree. In contrast, mature animals, with 
low growth and lower protein turnover, would be expected to age relatively little 
(Huff-Lonergan et al., 1995).

Because of the inconsistencies in measured tenderness changes during aging, 
Novakofski and Brewer (2006) attempted to look at the relationship between aging 
and initial tenderness, irrespective of animal age, genetics, or nutritional status. 
They observed that initially tough steaks will benefit from aging while very tender 
steaks may be adversely affected.

1 cm
1 cm

A

B

FIGURE 14.10  Compression device.
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The expected effect of aging on all meat is to increase tenderness. Therefore, 
they were particularly surprised that some steaks became tougher during aging. 
Evaluating this phenomenon in more detail when steaks were grouped using initial 
tenderness or initial shear as a basis for grouping, clear aging patterns emerged. 
This implies that the benefit of aging is a function of initial tenderness or shear. The 
implication of this work is that sorting by tenderness would allow preservation of the 
highest quality and identification of steaks with the greatest potential benefit from 
aging. The solution is a sensing method that can predict the best aging duration for 
each piece of meat. Such sensing needs to be very fast, nondestructive, inexpensive, 
hygienic, and safe (Clerjon and Damez, 2007).

Nevertheless, there are other techniques to measure meat tenderness. In this 
sense, a technical jump was made by Hildrum et al. (1994) who showed that sen-
sory hardness and tenderness can be predicted by NIR spectroscopy (reflection 
mode). This technique is rapid and nondestructive when it is applied on meat 
cuts. Bowling et al. (2009) confirmed the potential of NIR spectroscopy for pre-
dicting toughness.

Park et al. (1994) tentatively measured beef tenderness, juiciness, and flavor using 
ultrasonic spectral analysis. Accuracy of their prediction models was not adequate 
for use as a tool in practice, but they considered that this approach had potential for 
nondestructive sensory attribute measurements. One advantage of ultrasonic meth-
ods is that they can be applied on the live animal or the whole carcass.

Jeremiah et al. (1991), Wulf et al. (1997), Tatum et al. (1999), and Goñi et al. 
(2007) reported that objective measurements of beef longissimus dorsi (LD) muscle 
color were related strongly enough to beef tenderness, so carcasses could be sorted 
according to LD muscle color in order to group carcasses that differ in palatability. 
This technology may result in a noninvasive, useful predictor of beef tenderness.

Other technologies may also have potential as predictors of beef tenderness, such 
as image analysis traits using the prototype BeefCam (Belk et al., 2000; Canell et 
al., 2002) under commercial processing conditions with a simplified method of shear 
force determination (Shackelford et al., 1999), texture features computed from mus-
cle images (Li et al., 1999), and a combination of colorimeter, marbling, and hump 
height traits (Wulf and Page, 2000).

Clerjon and Damez (2007) also reported the importance of monitoring changes 
in muscle structure during the aging of bovine meat. They presented a polarimetric 
microwave method consisting of free space and contact reflection coefficient mea-
surements using a horn antenna and reflectance probes. This method is based on the 
measurement of dielectric properties of tissues parallel and perpendicular to muscle 
fibers. The final objective of this research was to provide sensors that can be used 
on-line to detect, with an acceptable error, insufficiently aged meat.

Finally, Ranasinghesagara et al. (2010) recently investigated the potential of a 
novel optical reflectance imaging method to predict beef tenderness. In this research, 
they observed that analyzing 2-dimensional reflectance images of meat surfaces 
provide valuable information regarding the physical characteristics of meat that are 
responsible for beef tenderness.
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14.4.3  others

There are other important meat quality parameters apart from color and texture. 
Some of them are marbling, drip loss, and palatability. There is also a wide variety 
of equipment under study with the aim of trying to predict these quality parameters 
as a function of physical properties of meat. With respect to this, computer vision 
systems offer a promising alternative to human expert grading. Some advantages of 
computer vision systems is that they are noninvasive, objective, consistent, and able 
to render rapid estimations of meat palatability (Jackman et al., 2009a).

Many digital imaging systems have been developed to process images of raw beef 
in order to create predictive models for meat palatability (Jackman et al., 2010a). 
Among these studies, the method of Jackman et al. (2009d) has been the most suc-
cessful. In this method, palatability indicators of longissimus dorsi muscle marbling, 
color, and surface texture were compared to the palatability assessment results. 
These authors have published a lot of research works in past years dealing with the 
application of surface texture features to predict beef tenderness, color, marbling, 
and palatability: Zheng et al. (2007), Jackman et al. (2008), Jackman et al. (2009b, 
2009c, 2009d), and Jackman et al. (2010a, 2010b).

Frisullo et al. (2010) applied the x-ray microtomography technique to quantify 
intramuscular fat and also to study fat distribution in different breeds and commer-
cial meat joints in order to provide a more accurate description of the fat microstruc-
ture and meat quality.

Finally, hyperspectral imaging systems were used in pork to extract spectral and 
spatial characteristics simultaneously to determine quality attributes such as drip 
loss, pH, color, and marbling (Qiao et al., 2007a, 2007b).

14.5  NOVEL MEASUREMENT TECHNIQUES ON MEAT PRODUCTS

Meat products can be obtained using entire muscles or meat pieces that are mari-
nated, injected, or cured, or they can be formed by meat emulsions. In the latter, 
traditional meat products contain up to 30% fat. The fat plays an important role in 
meat product processing, stabilizing meat emulsions, reducing cooking loss, improv-
ing water-holding capacity, and providing flavor, juiciness, and desirable mouthfeel 
(Choi et al., 2010). Thus, any modification in the traditional formulation will have a 
direct effect on the physical properties of meat products. The use of accurate mea-
surement techniques is therefore of great importance regarding the characterization 
and classification of these emerging new meat products.

14.5.1  optical properties

Cassens et al. (1995) stated the importance of establishing a reference method for 
the assessment of meat color so that results can be compared. Brewer et al. (2001) 
stated that in a standard comparison of data generated using different instruments, 
illuminants and/or muscles may not be valid, and that a preselection of the best com-
bination of muscle, color measurement, and instrument/illuminant is necessary for 
optimum results. Ansorena et al. (1997) therefore evaluated the color of Chorizo de 
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Pamplona, a Spanish dry fermented sausage. They concluded that the Hunter system 
was better for separating samples according to redness while the CIE system was 
better for separating samples according to yellowness.

14.5.2  textUre and technological properties

Regarding the texture of meat products, shear value, compression, and viscosity are 
of great interest because new trends in meat products are focused on the production 
of low-fat and low-salt products and/or products that substitute vegetable fat for ani-
mal fat. In the latter, the new source of fat has to be emulsified before fabrication, 
and any change in the traditional formulation of meat products will have an effect 
on its texture.

Shear value or tenderness can be measured with a WBSF device as described in 
Section 14.4.2.

Regarding compression, texture profile analysis (TPA) is usually applied where 
samples are compressed to 50% of their original length with a compression device 
(see Section IV.B). Then, texture variables from the force and area measurements 
can be calculated: hardness (Hd) = peak force (N) required for first compression; 
cohesiveness (Ch) = ratio (dimensionless) of active work done under the second com-
pression curve to that done under the first compression curve; springiness (Sp) = 
distance (mm) of sample recovery after the first compression; gumminess (Gm) = Hd 
× Ch (N); and chewiness (Cw) = Hd × Ch × Sp (N × mm).

Another important texture property of meat products is viscosity. Viscosity is a 
measure of the resistance of a fluid that is being deformed by either shear or tensile 
stress. Therefore, it describes the internal resistance to flow and may be thought 
of as a measure of fluid friction. This parameter is calculated with a viscometer 
(Figure 14.11) and it is of great importance in meat emulsions where replacement 
or reduction of some compounds has been made. In this sense, Choi et al. (2009, 
2010) reported that substituting various vegetable oil and dietary fiber for fat will 
increase the viscosity of low-fat meat batters. They also found correlations between 
emulsion viscosity and emulsion stability because high viscosity emulsions are not 
easily broken.

There are also some technological aspects that depend on physical properties that 
are of great economic importance. Because texture properties change with variations 
in the formulation, technological changes occur in emulsion capacity and stability, 
cooking yield, and water and fat retention. The estimation and measurement of all 
these parameters can help the industry to optimize processing techniques and obtain 
the maximum economic benefit. Some of the newest technologies that are applied in 
this field are response surface and image processing methodologies (Velioglu et al., 
2010) in combination with mathematical models.

14.5.3  thermal properties

Traditionally, the meat industry has used animal fat in the formulation of cooked 
meat products. Today, consumers are sensitive to saturated fat consumption because 
of the health implications of this type of fat. However, the production of cooked meat 
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products with more health-friendly vegetable oil would have an effect on formula-
tion and on the elaboration process, especially on the heat treatment that the product 
undergoes during cooking (Dieguez et al., 2010). Regarding this, thermal conduc-
tivity and specific heat capacity both vary with chemical composition, that is, with 
the ingredients of the meat emulsion. Thermal conductivity of a foodstuff depends 
greatly on its porosity, structure, and chemical composition (mainly associated with 
the properties of air, water, proteins, and fat present in the food). The heat capacity 
of a food material depends mainly on its water content, but it has been shown to be 
affected by other components, such as proteins and fat. In addition, thermal conduc-
tivity and heat capacity oscillate as a function of temperature (Dieguez et al., 2010).

Dieguez et al. (2010) used the finite element method to calculate the heat transfer 
processes that take place during cooking of meat emulsions formulated with differ-
ent amounts of pork fat or olive oil. To do so, experimental data acquired in the pilot 
plant were used to validate the theoretical model obtained by computer simulation. 
The results indicated that the computer simulation predicts to a good approximation 
the heat transfer process when the fat source and amount are changed at the meat 
emulsion formulation. This could be of importance when new meat emulsions are 
developed now that food innovation is a key goal for the meat industry.

14.5.4  the particUlar case of ham

When talking about meat products, there is a wide variety of emulsified products, 
as already mentioned. However, entire muscles or meat cuts can also be marinated, 

FIGURE 14.11  Viscosimeter.
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injected, or cured giving a variety of hams that have different quality characteristics, 
and thus, different physical properties that must be considered.

Hams differ in quality primarily due to the number of muscle pieces forming 
the ham. The highest-quality hams are cut from a single muscle with minimal or 
no brine injection to increase yield. The more muscles that are required to make 
up the ham, the more brine is needed to form the ham and produce an acceptable 
yield. Hams requiring a lot of brine are thus of low quality. However, low-quality 
hams are cheaper to produce, so they are economically viable. Various qualities 
of ham can look quite similar, which makes the job of expert graders or factory 
managers difficult. By introducing a computer vision system to observe the ham, 
finer details can be examined under consistent and objective conditions, allowing 
effective discrimination between various classes or qualities of ham (Jackman et 
al., 2010c).

The term ham implies the thigh and rump of pork, cut from the haunch of a pig 
or boar, which may be fresh, dry cured (country hams), or wet-cured (city hams), and 
then boiled or smoked (Iqbal et al., 2010). Hams consist of at least 20.5% protein (not 
counting fat portions) without added water. However, the term can be legally applied 
to products like turkey hams, if the meat is taken from the breast or leg of this bird. 
A variety of hams made from countless products are now available, which are cured 
and smoked by different methods. Presliced hams, also known as picnic hams, are 
considered inexpensive substitutes for regular hams. The production and commer-
cialization of thin ham slices made particularly from pork, turkey, and other poul-
try is now going through its most significant increase as demanded by the industry 
and consumers for catering, delicatessen, and ingredient usage. Accordingly, quality 
inspection based on the identification of objective methods and the quality features 
of these products become increasingly important to presliced ham product manufac-
turers (Iqbal et al., 2010).

New measurement techniques applied to hams are used to predict carcass compo-
sition. In this sense, Jia et al. (2010) indicated that video image analysis of ham cross-
section slices combined with back fat depth at the 10th rib can be used for accurate 
estimation for total carcass lean or fat composition.

In ham products, the fat-connective tissue size distribution (FSD) represents a 
fundamental physical property used for quality assessment purposes. FSD is related 
to sensory properties such as texture, taste, and visual appearance; therefore, the 
accurate representation of this microstructural property is needed for objective qual-
ity characterizations and predictions (Mendoza et al., 2009b). Thus, for objective 
characterization, image analysis techniques need to take into account the high vari-
ability in texture appearance.

Thus, the visual texture of pork ham slices reveals a great deal of informa-
tion about the different qualities and the perceived image roughness and texture. 
Recent studies have demonstrated relationships between textural appearance and 
other fractal measurements such as the directional fractal dimensions based on 
the variogram of the intensity image in different color scales (Mendoza et al., 
2009a) and lacunarity analysis related to pores/defects and fat-connective tissue 
(Valous et al., 2009). Nevertheless, complete spectra for characterizing and model-
ing FSDs with high precision represent a relevant approach to get invariant texture 
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descriptors or textural signatures of pork ham surfaces. To do so, ham images 
are captured using color-calibrated image acquisition systems. They are then pro-
cessed using software in order to obtain directional fractal dimensions, which are 
the measurements of the image roughness degree along a certain spatial direction 
(Mendoza et al., 2009a).

Suitable descriptors for the complex texture appearance of meat products, such 
as presliced hams, could provide objective information about the characteristic uni-
formity or dissimilarity in texture between regions on the same ham slice and also 
between different production batches. Moreover, these texture descriptors could be 
related to the product specifications of the manufacturer for chemical composition, 
physical properties, and sensory attributes.

When talking about ham, there is the particular case of Iberian dry-cured hams 
that has to be mentioned.

Iberian ham is one of the most expensive luxury food products produced in 
Europe. It is obtained from pigs left free to graze on grass and acorns. Depending 
on the feeding regime during the final growing period, hams are classified in three 
commercial categories that can be priced from 25 to 125 euros per kilo (Pérez-Marín 
et al., 2009).

Quality control programs to determine and guarantee animal feeding regimes 
are based on on-farm inspection of the animals themselves and analysis of fatty acid 
composition in subcutaneous fat by gas chromatography, because the feeding regime 
of the animal is directly related with the type and amount of the fatty acid in the 
resulting profile.

The high cost and time-consuming nature of farm inspections and analysis of 
melted fat by gas chromatography prevents the application of these quality control 
programs to all the animals produced. Therefore, the Iberian pork industry needs 
fast, accurate, and low-cost methods for the quality control of animals and their 
expensive luxury products.

For Iberian pig fat, several tests have highlighted the possibilities of NIR spec-
troscopy technology as a tool for classifying Iberian pig carcasses into commercial 
categories on the basis of feeding regime. Thus, the incorporation of NIR spec-
troscopy technology at various points in the Iberian pork production process would 
provide a spectrum unique to each live animal and/or carcass, which would be of 
enormous value for traceability and the monitoring of quality specifications.

Another important quality trait of Iberian dry-cured hams is oiliness and bright-
ness. These qualities are highly dependent on the fat solid–liquid ratio at a given 
temperature. Because of this, estimating the fat solid–liquid ratio at the different 
temperatures of analysis could be of interest in estimating the quality of hams. Thus, 
it is of great interest to determine the thermal behavior of this type of dry-cured ham 
(Niñoles et al., 2010). The characterization of the melting properties can be carried 
out by differential scanning calorimetry (DSC), but also by ultrasonic measurement, 
which is a nondestructive, fast, inexpensive, and reliable technique as reported by 
Niñoles et al. (2010). These data can also be related to sensory attributes in Iberian 
dry-cured hams.
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14.6  CONCLUSIONS

It is not easy to talk about quality of meat and meat products because there is a wide 
range of factors that have an effect on it. These factors include the whole produc-
tion chain, from farm to fork; thus, there are a lot of processes, practices, and people 
involved in obtaining a high-quality final product. In this context, it is easy to infer 
that is hard to make a measurement of meat quality in an objective and effective way.

Falling consumption of meat and meat products in recent years has forced the meat 
industry to develop two main strategies. On one hand, objective measurement tech-
niques are being implemented along the production chain in order to ensure meat qual-
ity, traceability, homogeneity, and safety. On the other hand, food innovation is being 
carried out with the purpose of offering more healthy meat products to consumers.

As discussed, there are a lot of physical properties that can be measured to charac-
terize, classify, and estimate meat quality. So far, the main quality parameters studied 
in meat and meat products are color, texture, and marbling, and the main technologies 
applied are ultrasound, image analysis, and color reflectance measurements. Currently, 
there are lots of new technologies being researched to obtain useful tools for the meat 
industry. The general basis for all of them is to try and measure meat structure and fat 
distribution, which are responsible for color, tenderness, and palatability.
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15.1  INTRODUCTION

Milk	is	a	complex	biological	secretion	that	contains	various	components	in	differ-
ent	physical	states.	Whey	proteins	are	present	 in	milk	 in	colloidal	solution,	while	
caseins	that	form	a	supramolecular	structure,	the	micelles,	are	in	colloidal	suspen-
sion.	Milk	fat	 is	present	as	an	emulsion	in	an	aqueous	protein	phase,	wherein	 the	
fat	structured	as	globules,	 in	which	the	 lipids	are	arranged	as	 layers.	Fat	globules	
are	covered	by	a	membrane	that	originates	from	the	mammary	cell	in	the	secretion	
process.	Therefore,	milk	components	are	present	in	different	physical	states	and	also	
show	different	particle	sizes,	as	shown	in	Table 15.1.

The	relationships	among	milk	components	determine	the	physical	characteristics	
of	liquid	milk.	Furthermore,	the	technological	processes	that	are	applied	to	milk	to	
create	different	dairy	products	result	in	considerable	changes	in	the	physical	proper-
ties	of	milk	and	in	the	relations	among	their	components.	The	quality	of	milk	prod-
ucts	can	be	evaluated	by	determining	some	of	its	physical	properties.	Measurement	
of	the	physical	properties	of	milk	and	dairy	products	is	important	in	designing	dairy	
equipment,	 estimating	 the	 concentration	 of	 certain	 components,	 or	 assessing	 the	
extent	of	a	chemical	or	physical	change.	The	great	advantage	of	physical	measure-
ments	for	such	purposes	is	their	speed	and	simplicity,	as	well	as	their	potential	to	
be	automated.

Physical	properties	of	liquid	milk	are	measured	by	traditional	methods	that	are	
included	in	the	control	of	milk	at	reception.	Some	of	these	properties	are	routinely	
controlled	because	they	can	give	indirect	information	about	alterations	or	adultera-
tions	of	milk.	The	main	measured	properties	are	the	following:	the	specific	density,	
which	 ranges	 from	 1.029	 to	 1.039	 (15°C),	 and	 abnormal	 values	 may	 indicate	 the	
addition	of	water	or	other	substances	to	milk;	the	freezing	point,	which	is	between	
−0.53	and	−0.55°C,	is	also	suitable	for	detecting	the	addition	of	water;	the	pH,	which	
ranges	from	6.5	to	6.75;	the	refractive	index	(nD

20)	from	1.3410	to	1.3480,	and	the	
specific	conductivity,	which	is	4–5.5	×	10−3	ohm−1cm−1	(25°C)	and	may	indicate	the	
presence	of	mastitis	in	cows	(Belitz	and	Grosch,	2009;	Hamann	and	Zecconi,	1998).	
The	main	advances	in	techniques	applied	to	liquid	milk	have	been	made	in	relation	
to	composition	analysis	by	applying	spectroscopic	techniques,	and	especially	since	

TABLE 15.1
Physical State and Particle Size Distribution in Milk

Compartment Size, Diameter (nm) Type of Particles

Emulsion 2,000–6,000 Fat	globules

Colloidal	dispersion 50–300 Casein-calcium	phosphate

4–6 Whey	proteins

True	solution 0.5 Lactose,	salts,	other	substances

Source:	 Chandan,	R.	C.	2006.	Milk	composition,	physical	and	processing	characteristics.	
In	Manufacturing yogurt and fermented milks,	ed.	R.C.	Chandan,	C.H.	White,	A.	
Kilara,	and	Y.H.	Hui,	17–40.	Ames,	IA:	Blackwell	Publishing.
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near-infrared	spectroscopy	(NIRS)	has	been	developed	to	determine	milk	constitu-
ents,	such	as	fat,	protein,	and	lactose,	and	applied	in	on-line	analysis	of	milk	quality,	
even	in	the	farm	(Tsenkova	et	al.,	1999;	2000).	The	advantages	of	including	NIRS	are	
mainly	its	high-speed	analysis	and	the	fact	that	it	is	a	nondestructive	measurement.

In	this	chapter,	we	will	consider	the	physical	properties	of	the	main	milk	prod-
ucts.	Taking	into	consideration	that	the	characteristics	and	quality	attributes	of	each	
product	are	very	specific,	we	will	describe	the	methods	applied	of	measuring	their	
physical	properties	independently.

15.2   MEASUREMENT OF PHYSICAL PROPERTIES 
OF POWDERED MILK

Milk	powder	is	composed	of	a	matrix	of	amorphous	lactose	in	which	proteins,	fat,	
and	air	vacuoles	are	dispersed.	The	chemical	composition	of	whole	milk	powder	is,	
on	average,	26.5%	protein,	27.4%	fat,	37.7%	lactose,	5.7%	minerals,	and	2.7%	water,	
and	that	of	skimmed	milk	powder	is	38.2%	protein,	0.9%	fat,	49.6%	lactose,	8.2%	
minerals,	and	3.0%	water	(Thomas	et	al.,	2004).

Spray	drying	is	the	principal	process	used	to	produce	milk	powders.	Spray	dry-
ing	 involves	atomization	of	concentrated	milk	 into	a	drying	medium,	 resulting	 in	
an	extremely	rapid	evaporation	of	water.	Atomization	results	from	the	dispersion	of	
concentrated	milk	using	either	a	spinning	disk	atomizer	or	a	series	of	high-pressure	
nozzles.	This	is	done	inside	a	large	drying	chamber	in	a	flow	of	hot	air.	The	feed	
travels	 through	 the	dryer	until	 it	 reaches	 the	desired	 level	of	water	content	 in	 the	
product	(Vega	and	Roos,	2006).	Roller	drying	is	also	used	to	obtain	milk	powder,	
specifically	for	the	chocolate	industry,	since	the	higher	temperature	applied	in	this	
process	results	in	the	Maillard	reaction	and	then	in	desirable	cooked	flavors	(Thomas	
et	al.,	2004).

Milk	powders	 can	be	produced	with	 a	variety	of	different	physical	properties.	
The	measurement	of	physical	properties	is	important	because	they	can	help	to	define	
the	powder	and	because	they	intrinsically	affect	its	behavior	during	processing	and	
storage	(Teunou	et	al.,	1999).

15.2.1  Particle Size and denSity

The	average	sizes	and	size	distribution	of	particles	in	milk	powders	are	usually	mea-
sured	by	static	light	scattering	using	a	Malvern	Mastersizer	with	a	laser	beam	at	a	
wavelength	of	633	nm	with	a	300-mm	RF	lens.	The	instrument	uses	the	refractive	
index	of	the	dispersed	phase	and	its	absorption	(Keogh	et	al.,	2003;	Gaiani	et	al.,	
2006;	Ilari	and	Mekkaoui,	2005;	Fitzpatrick	et	al.,	2004a,	2004b,	2008).

The	apparent	density,	which	takes	into	account	the	space	filled	by	air	in	spray-
dried	 powders,	 may	 be	 expressed	 as	 bulk	 or	 packed	 density.	 Bulk density	 is	 the	
solid	weight	per	volume	unit	of	the	powder,	whereas	packed density	includes	the	air	
trapped	within	particles	but	not	the	void	volume	between	particles	(Thomas	et	al.,	
2004).	Bulk	density	is	determined	by	weighing	a	tared	cylinder	filled	with	a	fixed	
volume	of	powder;	packed	or	 tapped	density	is	determined	by	weighing	the	same	
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cylinder	 after	 tapping	 several	 times	 on	 a	 rubber	 mat	 to	 achieve	 constant	 volume	
(Mistry	and	Pulgar,	1996;	Fitzpatrick	et	al.,	2004	a,b).	Bulk	and	packed	densities	can	
be	also	measured	using	a	Powder	Tester	(Hosokawa	Micron,	Osaka,	Japan)	(Gaiani	
et	al.,	2006).

The	particle	density	is	calculated	by	measuring	the	air-free	volume	of	a	known	
weight	of	powder	using	a	Micromeritis	pycnometer	(Malvern	Instruments,	Malvern,	
UK).	The	pycnometer	determines	the	density	and	volume	of	milk	powder	by	measur-
ing	the	pressure	change	of	a	gas	(helium	or	nitrogen)	in	a	calibrated	volume	(Keogh	
et	al.,	2003;	Fitzpatrick	et	al.,	2004a,	2004b).	Using	these	data	and	the	bulk	density	
of	the	powder,	the	vacuole	volume	and	interstitial	air	can	be	calculated.

15.2.2  Flow ProPertieS

Powder	flowability	is	the	ability	of	a	powder	to	flow	as	individual	particles.	It	is	con-
sidered	one	the	most	important	physical	properties	of	milk	powder	and	is	directly	
influenced	by	two	properties,	cohesion,	and	compressibility	(Thomas	et	al.,	2004).	
Flow	properties	of	milk	powder	are	 important	 in	handling	and	processing	opera-
tions,	such	as	flow	from	hoppers	and	silos,	transportation,	mixing,	compression,	and	
packaging.	One	of	 the	major	 industrial	powder	problems	is	obtaining	reliable	and	
consistent	flow	out	of	hoppers	and	feeders	without	excessive	spillage	and	dust	gen-
eration	(Teunou	et	al.,	1999;	Ilari,	2002;	Fitzpatrick	et	al.,	2004a,	2004b,	2007).

Therefore,	measurement	of	flow	properties	has	been	an	important	issue	in	milk	
powder	industry	and	several	techniques	have	been	developed	to	measure	it.

Jenike	 (1964)	pioneered	 the	application	of	 shear	cell	 techniques	 for	measuring	
powder	flow	properties.	 In	 this	 technique,	 the	cell	 is	 loaded	with	the	powder,	and	
the	powder	is	compacted	to	a	known	bulk	density	(consolidation	stress).	A	normal	
stress,	inferior	or	equal	to	the	consolidation	stress,	is	applied	to	the	sample.	A	shear	
stress	is	then	applied	in	an	orthogonal	direction	until	the	compacted	powder	frac-
tures	(Figure 15.1).	The	measured	flow	properties	used	in	this	methodology	are	the	
flow	function,	the	effective	angle	of	internal	friction,	and	the	angle	of	wall	friction.	
The	flow	function	is	a	plot	of	the	unconfined	yield	stress	of	the	powder	versus	major	
consolidating	stress,	and	represents	 the	strength	developed	within	a	powder	when	
consolidated,	which	must	be	overcome	to	make	 the	powder	flow.	The	flow	index,	
defined	as	the	inverse	slope	of	the	flow	function,	is	used	to	classify	powder	flowabil-
ity	with	higher	values	representing	easier	flow.

Fitzpatrick	et	al.,	(2004a,	2007)	used	an	annular	shear	cell	to	measure	the	flow	
function	 and	 effective	 angle	 of	 internal	 friction	 of	 milk	 powders.	 Besides,	 these	
authors	used	a	Jenike	shear	cell	to	determine	the	angle	of	friction	of	milk	powders,	
whereby	the	cylindrical	base	of	the	cell	was	replaced	by	a	flat	of	stainless	steel	with	
a	rough	surface	(Teunou	et	al.,	1999;	Fitzpatrick	et	al.,	2004a,	2004b,	2007).

The	 flowability	 of	 milk	 powders	 has	 also	 been	 determined	 by	 measuring	 the	
angle	 of	 repose	 (a	 static	 measure	 of	 relative	 flowability)	 using	 simple	 equipment	
(Figure 15.2)	(Kim	et	al.,	2005).	In	this	technique,	a	certain	amount	of	milk	powder	
is	placed	in	the	top	box	of	the	equipment	with	the	trap	door	closed.	The	trap	door	is	
then	opened	allowing	the	powder	to	flow	downward	and	to	form	a	heap.	This	method	
allows	 for	 the	 measurement	 of	 the	 drained	 angle	 of	 repose	 using	 horizontal	 still	
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photographs	and	a	protractor.	More	free-flowing	powders	tend	to	have	lower	drained	
angles	of	repose.

Flow	 properties	 can	 also	 be	 determined	 using	 a	 commercial	 powder	 tester	
(Micrometrics	Laboratory,	Hosokawa,	Japan)	that	has	been	recommended	for	dairy	
powders.	It	evaluates	four	physical	properties:	the	angle	of	repose,	angle	of	spatula,	
compressibility,	 and	 cohesion,	 as	 described	 by	 Carr	 (1965).	 These	 four	 physical	
properties	were	assessed	in	arriving	at	a	flowability	index	with	a	theoretical	value	
from	1	to	100	(Ilari,	2002;	Ilari	and	Mekkaoui.,	2005).
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FIGURE  15.1  Jenicke	 shear	 cell	 used	 to	 determine	 powder	 flowability.	 Powder	 is	 first	
placed	in	the	cell	and	compacted	under	a	known	consolidation	stress.	A	normal	stress	(σ)	is	
applied	to	the	sample.	A	shear	stress	(τ)	is	then	applied	in	an	orthogonal	direction	until	the	
compact	fracture.	A	yield	locus	is	obtained	for	different (until	the	consolidation	stress).	The	
experiment	 is	carried	out	 for	different	consolidation	stresses.	 (From	Thomas,	M.E.C.,	J.L.	
Scher,	S.	Desobry-Banon,	and	S.	Desobry.	2004.	Milk	powders	ageing:	Effect	on	physical	and	
functional	properties.	Critical Reviews in Food Science and Nutrition,	44:	297–322.)
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FIGURE 15.2  Schematic	representation	of	the	flowability	test	equipment	(A)	and	the	flow-
ability	 test	 (B).	α:	drained	angle	of	 repose, β:	poured	angle	of	 repose.	 (From	Kim,	E.H.J.,	
X.D.	Chen,	and	D.	Pearce.	2005.	Effect	of	surface	composition	on	the	flowability	of	industrial	
spray-dried	dairy	powders.	Colloids and Surfaces B: Biointerfaces	46:	182–187.	Reprinted	
with	permission	from	Elsevier,	License	number	2637830789973,	dated	March	28,	2011.)
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15.2.3  StickineSS and caking ProPertieS

Stickiness	is	a	major	problem	encountered	during	drying	and	handling	of	dried	dairy	
products	because	it	greatly	affects	quality	and	yield	during	processing	operations.	
It	 causes	 the	 powder	 to	 become	 much	 more	 cohesive	 and	 eventually	 caking,	 and	
also	causes	a	powder	to	adhere	more	to	a	surface.	These	changes	alter	the	handling	
behavior	and	appearance	of	the	powders	(Boonyai	et	al.,	2004,	Thomas	et	al.,	2004;	
Vega	and	Roos,	2006).

Lactose	present	in	spray-dried	dairy	powders	is	in	its	amorphous	state	and	it	is	
the	main	component	that	has	influence	on	the	sticking	and	caking	behavior	of	dairy	
powders.	When	an	amorphous	component	is	given	sufficient	conditions	of	tempera-
ture	 and	water	 content,	 it	 can	mobilize	 as	 a	high-viscosity	flow,	which	can	make	
it	 sticky	and	 lead	 to	caking.	Furthermore,	molecular	mobility	enables	amorphous	
lactose	 to	crystallize	over	 time.	Crystallization	will	only	 take	place	if	 the	powder	
temperature	is	greater	than	its	glass	transition	temperature	(Tg),	whereby	the	mol-
ecules	have	sufficient	mobility	to	initiate	crystallization.	Tg	is	usually	well	above	the	
storage	temperature	for	most	dry	powders.	However,	lactose	in	its	amorphous	state	
is	very	hygroscopic	and	will	readily	adsorb	water	from	ambient	air.	This	increase	in	
water	will	cause	a	significant	reduction	in	Tg.	At	a	temperature	above	the	Tg	(for	a	
given	water	content),	the	powder	particles	become	sticky,	and	this	is	often	described	
as	the	sticky	point	temperature.	It	is	generally	accepted	that	the	sticky	point	of	lac-
tose	is	about	10–20°C	above	the	onset	Tg	(Roos,	2002;	Schuck	et	al.,	2007).

The	 problem	 of	 stickiness	 in	 dairy	 powders	 has	 led	 to	 significant	 costs	 in	 the	
industry,	which	justifies	the	need	for	research	to	develop	measurement	techniques	
and	approaches	for	predicting	powder	caking	problems	in	advance,	so	 that	strate-
gies	can	be	implemented	to	prevent	them	from	being	realized	in	practice.	Various	
direct	and	indirect	techniques	using	several	instrumentations	have	been	developed	
for	characterization	of	the	stickiness	behavior	of	food	powders,	which	were	reviewed	
by	Boonyai	et	al.	(2004).	Direct	techniques	involve	measuring	shear	force,	viscosity,	
cohesion,	and	adhesion	of	the	milk	powder	sample	as	it	changes	from	a	free-flowing	
state	 to	a	sticky	state	as	a	function	of	moisture	and/or	 temperature.	 Indirect	 tech-
niques	are	based	on	the	determination	of	the	glass	transition	temperature,	and	results	
obtained	can	be	indirectly	correlated	to	the	stickiness.

Direct	conventional	techniques	involve	mechanical	movement,	shearing,	or	com-
pression	 of	 the	 powder	 sample,	 whereas	 direct	 pneumatic	 techniques	 involve	 the	
use	of	an	air	stream	with	predetermined	temperature	and	humidity	to	blow	or	sus-
pend	the	powder	particles.	The	results	generated	from	these	methods	can	be	directly	
expressed	in	terms	of	sticky-point	temperature	and/or	adhesiveness	and	cohesiveness	
(Boonyai	et	al.,	2004).

Propeller-driven	methods	are	the	oldest	of	all	the	stickiness	measurement	tech-
niques	used.	It	consists	of	a	test	tube	containing	a	sample	of	known	moisture	con-
tent,	submerged	in	a	heating	medium.	An	impeller	embedded	in	the	sample	is	either	
turned	manually	(Chuy	and	Labuza,	1994)	or	electrically	driven	(Hennings	et	al.,	
2001;	Ozkan	et	al.,	2002).	With	increasing	temperature,	the	particle	surface	becomes	
less	viscous	allowing	stickiness	at	the	contacting	surfaces.	This	produces	an	increase	
in	 force	 required	 to	 turn	 the	 propeller;	 consequently	 the	 stirring	 force	 increases	
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sharply	and	the	temperature	at	this	point	is	referred	to	as	the	sticky-point tempera-
ture.	Henning	et	al.,	(2001)	developed	a	mechanically	driven	device	to	measure	the	
sticky	point	of	milk	powders	by	measuring	the	output	of	electric	resistance	from	the	
stirrer.	The	sticky-point	temperature	was	taken	when	the	voltage	increased	sharply	
and	the	stirrer	stopped.

The	ampule	method	has	also	been	used	to	measure	the	surface	caking	tempera-
ture	of	infant	milk	powders	(Chuy	and	Labuza,	1994).	In	this	technique,	milk	powder	
samples	of	known	moisture	content	contained	in	a	glass	ampule	are	heated	in	a	bath.	
During	heating,	the	ampule	is	tapped	sharply	on	a	hard	surface	to	separate	the	pow-
der.	The	surface	caking	temperature	is	taken	as	the	temperature	at	which	the	powder	
failed	to	separate	into	fine	particles,	appearing	as	clumps.

Rennie	et	al.	(1999)	used	an	unconfined	yield	test	to	measure	the	cohesion	of	milk	
powders	that	provides	quantitative	information	regarding	the	strength	of	caked	pow-
ders.	Previously,	consolidated	plugs	were	prepared	by	placing	a	certain	amount	of	
powder	into	the	consolidation	blank	and	vibrating	the	die	to	pack	the	powder	in	the	
die.	Once	the	powder	was	compacted,	the	consolidation	plunger	was	placed	on	the	
powder	in	the	die.	When	testing,	the	plunger	was	removed	from	the	die	and	the	con-
solidation	die	was	dismantled,	yielding	a	cylindrical	plug	of	powder.	The	cylinder	
was	axially	loaded	by	using	a	loading	frame	that	gradually	increased	the	load	on	the	
plug.	The	load	at	which	the	powder	failed	was	defined	as	the	unconfined yield stress.

Ozkam	et	al.	(2002)	developed	a	viscometer	technique	to	measure	stickiness	of	
milk	powders	based	on	 the	measurement	of	 the	 torque	 required	 to	 turn	a	propel-
ler	 inserted	 in	 the	 milk	 powder	 sample	 (Figure  15.3).	 The	 bath	 temperature	 and	
the	 torque	 required	 to	 rotate	 a	 homemade	 L-shaped	 spindle	 (propeller	 or	 stirrer)	
inserted	into	milk	powders	were	recorded.	The	sticky	temperature	was	determined	
as	the	point	where	a	sharp	increase	in	torque	occurred.	These	authors	also	used	a	
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FIGURE  15.3  Schematic	 illustration	 of	 the	 viscometer	 technique (From	 Ozkan,	 N.,	 N.	
Walisinghe,	and	X.D.	Chen.	2002.	Characterization	of	stickiness	and	cake	formation	in	whole	
and	skim	milk	powders.	Journal of Food Engineering	55:	293–303.	Reprinted	with	permis-
sion	from	Elsevier,	License	number	26377791197007,	dated	March	28,	2011.)
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penetration	test	with	a	cylindrical	indenter	attached	to	an	Instrom	testing	machine	
to	record	the	force	required	to	penetrate	the	powder	compact	and	found	good	agree-
ment	between	the	results	obtained	by	both	methods.

A	 new	 easy-to-use	 empirical	 tester	 for	 investigating	 caking	 of	 skimmed	 milk	
powder	was	developed	by	Fitzpatrick	et	al.,	(2007,	2008).	It	consisted	of	placing	a	
certain	amount	of	powder	into	a	cylindrical	aluminum	dish	with	a	circular	hole	in	the	
center	as	illustrated	in	(Figure 15.4).	Aluminum	foil	was	taped	to	the	bottom	of	the	
dish	to	cover	the	hole,	preventing	the	powder	from	falling	through.	The	powder	was	
spread	out	across	the	dish	and	then	exposed	to	a	condition	that	caused	the	powder	
to	cake.	Following	exposure,	the	foil	was	removed	and	the	dish	was	centered	below	
a	rod	attached	to	a	JJ	tester.	The	rod	was	then	moved	downward	through	the	caked	
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FIGURE 15.4  (a)	Aluminum	dish	used	in	force–displacement	cake	strength	determination	
(with	 central	 hole	 and	 foil	 cover	 underneath	 to	 prevent	 powder	 falling	 through);	 (b)	 pow-
der	 surface	 leveling	 tool.	 (From	 Fitzpatrick,	 J.J.,	 E.	 O’Callaghan,	 and	 J.	 O’Flynn.	 2008.	
Application	of	 a	novel	 cake	 strength	 tester	 for	 investigating	 caking	of	 skim	milk	powder.	
Food and Bioproducts Processing	86:	198–203.	Reprinted	with	permission	from	Elsevier,	
License	number	2637790845929,	dated	March	28,	2011.)
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powder	at	a	constant	speed	and	the	force	versus	displacement	was	measured.	The	
peak	force	was	used	as	an	index	of	cake	strength.

Patterson	 et	 al.	 (2007)	 used	 the	 particle-gun	 method	 to	 study	 the	 stickiness	
of	skim	milk	powders.	This	apparatus	reproduces	the	sort	of	conditions	that	are	
present	 in	commercial	spray	drier	ducts	and	cyclones.	The	particle-gun	rig	con-
sisted	of	a	controlled	humidity	and	temperature	air	supply	system	and	a	particle	
feeding	system	that	“fires”	 the	particles	onto	a	deposition	plate	at	high	velocity.	
Particles	were	manually	introduced	slowly	at	 the	top	of	the	tube	using	a	venturi	
funnel	arrangement	where	they	were	accelerated	before	being	impacted	against	a	
stainless	steel	disc	that	was	placed	under	the	particle-gun	tip.	The	fraction	of	the	
feed	particles	that	stick	to	the	plate	was	recorded	as	an	index	of	the	stickiness	of	
the	powder	under	 the	conditions	used.	The	gun	method	was	further	modified	 to	
include	a	vibratory	feeder	and	to	enclose	the	feed	area	within	a	plastic	hood	(Murti	
et	al.,	2009).

Murti	et	al.	(2010)	used	a	fluidized	bed	rig	to	determine	the	stickiness	of	milk	
powders.	The	technique	involved	the	increase	of	humidity	of	the	fluidizing	air	main-
taining	constant	the	temperature.	The	sticky	point,	determined	by	visual	observa-
tion,	was	defined	as	the	humidity	value	that	caused	the	bed	to	lose	fluidization;	that	
is,	the	bed	collapse	could	not	be	refluidized	by	a	sudden	vibration.

A	cyclone	test	device	was	used	by	Intipunya	et	al.	(2009)	for	characterizing	the	
stickiness	of	milk	powder.	The	device	mainly	consisted	of	an	air	heater,	a	 spray-
ing	 chamber,	 and	 a	 cyclone	 chamber.	 The	 cyclonic	 air	 stream	 generates	 a	 rotary	
motion	of	the	powder	particles	at	the	bottom	of	the	cyclone	chamber.	Stickiness	was	
observed	within	1–2	minutes;	the	particles	stuck	to	each	other	and	some	attached	to	
the	chamber	wall.

As	indicated	previously,	the	measurement	of	the	glass	transition	temperature	is	
an	 indirect	method	to	determine	the	stickiness	of	milk	powder.	Differential	scan-
ning	calorimetry	(DSC)	has	been	used	widely	to	determine	the	Tg	of	milk	powders	
(Chuy	and	Labuza,	1994;	Sherstha	et	al.,	2007;	Fitzpatrick	et	al.,	2007;	Intipunya	et	
al.,	2009;	Boonyai	et	al.,	2007;	Hogan	et	al.,	2010).	Using	this	technique,	Tg	is	char-
acterized	by	a	measurable	discontinuity	in	specific	heat	capacity.	The	Tg	values	can	
be	estimated	from	the	heat	scanned	curve	at	the	onset	point	or	the	midpoint	of	the	
curve.	The	glass	transition	occurs	over	a	temperature	range	that	is	often	a	relatively	
narrow	range	of	10	to	20°C	for	amorphous	lactose.

A	 thermal	 mechanical	 compression	 test	 (TMCT)	 was	 used	 by	 Boonyai	 et	 al.	
(2007)	to	perform	glass–rubber	transition	analysis	of	milk	powders.	They	employed	
a	thermally	controlled	sample	cell	that	was	attached	to	a	texture	analyzer.	The	ther-
mal	compression	test	involves	the	application	of	a	compression	force	on	a	thin	layer	
of	powder	sample	in	a	thermally	controlled	sample	cell	attached	to	a	texture	ana-
lyzer	equipped	with	a	cylindrical	probe.	During	heat	scanning,	the	measured	force	
decreases	 slightly	 until	 the	 glass–rubber	 transition	 temperature	 (Tgr)	 is	 reached,	
resulting	in	a	rapid	drop	in	the	force.	Then,	 the	Tgr	can	be	simply	determined	by	
performing	linear	regression	on	the	TMCT	data.

Hogan	 et	 al.	 (2010)	 further	 described	 a	 rheological	 technique	 for	 determining	
glass–rubber	 transition	of	spray-dried	dairy	powders.	Glass–rubber	 transition	was	
determined,	using	a	laboratory	rheometer,	by	two	methods	involving	compression	of	
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a	powder	sample	between	a	steel	parallel	plate	and	a	Peltier	plate.	In	one	method,	the	
gap	between	plates	was	measured	under	a	constant	force;	in	the	other	method,	nor-
mal	force	was	measured	at	a	constant	gap.	Tgr	was	identified	by	a	significant	increase	
in	the	rate	of	change	in	gap	distance	or	normal	force	during	heating.

15.2.4  Solubility ProPertieS

The	solubility	of	milk	powder	is	an	essential	attribute	of	quality.	It	depends	on	differ-
ent	dissolution	steps	in	water	(wettability,	sinkability,	and	dispersibility).	Wettability	
is	 the	penetration	of	 the	 liquid	 into	 the	pores	of	 the	powder	particles.	Sinkability	
is	 defined	 by	 the	 fall	 of	 powder	 below	 the	 surface	of	 the	 liquid.	 Dispersibility	 is	
the	ability	 to	disperse	 in	single	particles	 throughout	 the	water.	Solubility	 involves	
the	separation	of	particles	in	water	with	low-energy	stirring	(Thomas	et	al.,	2004).	
Depending	on	powder	properties,	each	step	could	take	more	or	less	time	in	the	solu-
bilization	process.	Several	attempts	have	been	made	to	determine	these	steps	in	milk	
powders,	resulting	in	different	techniques	designed	to	characterize	them.

The	wettability	of	milk	powders	has	been	tested	using	static	and	dynamic	wet-
ting	tests	(Kim	et	al.,	2002;	Freudig	et	al.,	1999).	In	static	tests,	a	constant	amount	
of	powder	is	placed	on	a	slide	covering	a	water	reservoir.	By	pulling	the	slide	away,	
the	powder	layer	was	brought	into	contact	with	the	water.	The	wetting	time,	which	
is	necessary	for	the	submersion	of	the	last	powder	particle,	is	measured.	In	dynamic	
tests,	the	powder	is	fed	to	the	surface	of	a	large,	slowly	agitated	vessel	via	a	pipe	that	
equalizes	and	guides	the	particle	flow.	The	feed	rate	is	increased	until	layer	forma-
tion	is	observed.	This	method	measures	the	maximum	powder	rate	per	surface	area	
of	layer	formation	(Freudig	et	al.,	1999).

A	 rehydration	 method	 was	 developed	 by	 Gaiani	 et	 al.	 (2006).	 The	 method	
involved	dispersing	milk	powder	in	a	stirred	vessel	equipped	with	a	turbidity	sensor	
under	standardized	conditions.	The	changes	of	 turbidity	occurring	during	powder	
rehydration	 highlighted	 several	 stages.	 These	 stages	 include	 particle	 wetting,	 and	
then	swelling	as	the	water	penetrates	into	the	powder	bed,	followed	by	a	slow	disper-
sion	of	the	particles.	This	is	reflected	by	a	quick	increase	of	turbidity	immediately	
after	the	addition	of	milk	powder	until	a	maximum,	which	is	related	to	the	powder	
wetting.	Next	to	this	stage,	turbidity	is	stabilized	indicating	the	end	of	rehydration.

The	dispersibility	of	milk	powder	is	usually	determined	from	the	amount	of	undis-
persed	material	collected	on	a	filter	after	reconstitution	in	water	under	set	conditions.	
Dispersibility	is	inversely	correlated	to	the	weight	percentage	of	residue	remaining	
on	the	mesh	(IDF	method,	1979).

However,	 as	 dissolution	 steps	 are	 difficult	 to	 study	 independently,	 solubility	
appears	the	more	reliable	criterion	to	evaluate	milk	powder	behavior	toward	water	
(Thomas	et	al.,	2004).	All	methods	used	 to	determine	solubility	are	based	on	 the	
same	 principle.	 Powder	 is	 first	 dispersed	 into	 water	 under	 controlled	 conditions.	
After	centrifugation,	 the	quantity	of	 insoluble	material	 is	determined	 in	 the	 sedi-
ment.	Generally,	the	solubility	of	milk	powders	is	determined	from	the	volume	in	
milliliters	of	sediments	and	expressed	as	the	solubility	index	(Thomas	et	al.,	2004;	
Mistry	 et	 al.,	 1996).	Methods	used	 to	determine	 solubility	of	milk	powders	were	
reviewed	by	Thomas	et	al.	(2004).
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Davenel	 et	 al.	 (2002)	developed	a	nuclear	magnetic	 resonance	 (NMR)	method	
that	 gives	 information	 on	 the	 reconstitution	 process	 of	 milk	 powders	 in	 water.	 It	
allows	the	quantification	of	the	water	absorption	by	powder	particles,	their	reconsti-
tution	rate,	and	the	detection	of	the	presence	of	insoluble	materials.	In	this	technique,	
a	glass	tube	filled	with	water	was	put	into	the	gap	of	the	magnet	of	a	Minispec	Bruker	
NMR	 spectrometer	 operating	 at	 the	 resonance	 frequency	 of	 10	 MHz.	 The	 NMR	
measurements	continued	until	 the	solution	was	completely	reconstituted,	except	if	
insoluble	materials	were	formed.	The	solubility	index	and	NMR	relaxometry	gave	
compatible	information	on	powder	rehydration.

15.2.5  MicroStructure

The	microstructure	of	milk	powders	has	been	studied	using	polarized	light	micros-
copy	confocal	 scanning	 laser	microscopy	 (CSLM)	and	 scanning	electron	micros-
copy	(SEM).

Pictures	of	milk	powder	particles	were	obtained	by	Ilari	and	Mekkaoui	(2005)	
using	polarized	light	microscopy	to	check	the	homogeneity	of	a	milk	powder	and	the	
shape	of	milk	particles.	Electronic	pictures	provided	complementary	information	on	
sieve	and	size	measurements	of	powder	particles.

The	distribution	of	fat	and	protein	in	milk	powder	can	be	localized	using	CSLM	by	
selecting	an	appropriate	fluorescent	probe	and	solvent.	CSLM	of	spray-dried	whole	
milk	powder	 labeled	with	either	Nile	 red-Nile	blue	or	Nile	 red-fast	green	showed	
rounded	particles	 consisting	of	 a	 continuous	 amorphous	 lactose	phase	 containing	
fat	droplets,	protein,	and	occluded	air	(Authy	et	al.,	2001).	Likewise,	micrographs	
of	whole	milk	powder	obtained	by	Kim	et	al.	(2002)	showed	that	there	are	many	fat	
globules	around	the	boundary	of	particles,	and	larger	and	more	coalesced	fat	drop-
lets	at	the	joining	points	of	agglomerated	milk	powder	particles.

Scanning	electron	microscopy	has	been	widely	used	to	study	particle	size,	shape,	
and	microscopic	aspects	like	pores	or	wrinkles	or	the	presence	of	lactose	crystals	in	
milk	powders	(Baechler	et	al.,	2005;	Hardy	et	al.,	2002).	Figures 15.5a	and	15.5b	are	
electron	microscopy	photographs	showing	the	internal	porosity	of	milk	powder	and	
the	surface	of	milk	powder	particles	after	lactose	crystallization	(Hardy	et	al.,	2002).	
Although	the	different	equipment	and	process	parameters	highly	influence	the	struc-
ture	of	milk	powder	particles,	some	general	trends	can	be	described.	The	surface	of	
skimmed	milk	powder	particles	showed	the	typical	characteristics	with	some	deep	
and	shallow	dents	on	the	surfaces,	whereas	whole	milk	particles	were	spherical	and	
had	a	relatively	smooth	surface	(Kim,	2002;	Kim	et	al.,	2002).	After	removal	of	free	
fat	present	on	the	surface	with	petroleum	ether,	the	surface	of	skimmed	milk	powder	
particles	seemed	to	be	similar	with	that	before	fat	extraction.	In	the	case	of	whole	
milk	 powder	 after	 fat	 extraction,	 the	 particles	 were	 still	 spherical,	 but	 had	 many	
clear	dents	on	the	surfaces.	This	appears	to	suggest	that	the	surface	of	whole	milk	
powder	is	largely	covered	by	free	fat,	sometimes	in	the	form	of	irregular	patches,	or	
sometimes	in	the	form	of	a	fat	layer.	These	results	support	the	surface	composition	of	
whole	milk	powder	measured	by	x-ray	photoelectron	spectroscopy,	which	indicated	
about	98%	of	fat	coverage	on	the	surface	of	spray-dried	dairy	powders.
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The	internal	physical	state	of	lactose	in	milk	powders	can	be	determined	by	x-ray	
diffraction.	This	 technique	is	one	of	 the	most	powerful	 techniques	for	analysis	of	
crystalline	compounds	and	has	been	widely	used	to	investigate	crystallinity	in	milk	
powders.	In	general,	milk	powders	containing	α-lactose	monohydrates	or	β-lactose	
show	x-ray	diffraction	patterns	with	characteristic	peaks.	However,	a	broad	band	at	
approximately	23°,	without	any	characteristic	peaks	of	 lactose	crystals,	represents	
average	distances	between	molecules	in	a	liquid	or	amorphous	state	(Kim,	2009).

15.3  MEASUREMENT OF PHYSICAL PROPERTIES OF BUTTER

Butter	 is	 a	 water-in-oil	 emulsion	 that	 consists	 of	 a	 minimum	 of	 80%	 milk	 fat,	 a	
maximum	16%	water,	and	a	maximum	dry	nonfat	milk	material	content	of	2%.	The	
elaboration	of	butter	requires	a	previous	controlled	cooling	of	the	cream	for	12–15	
hours	 designed	 to	 give	 the	 fat	 the	 required	 crystalline	 structure.	 Afterward,	 the	
cream	is	violently	agitated	during	the	churning	process	to	break	down	the	fat	glob-
ules	(Avramis	et	al.,	2003;	Couvreur	et	al.,	2006).	Cream	undergoes	a	phase	inver-
sion	during	the	process	as	fat	globule	membranes	are	disrupted,	globules	coalesce,	
and	oil	 leaks	out	 to	 form	 the	 continuous	phase.	Therefore,	 butter	 is	 a	multiphase	

FIGURE 15.5(A)  Electron	microscopy	photograph	showing	the	internal	porosity	of	milk	
powder	particles.	(From	Hardy,	J.,	J.	Scher,	and	S.	Banon.	2002.	Water	activity	and	hydration	
of	dairy	powders.	Lait	82:	441–452.	Reprinted	with	permission	from	EDP	Sciences,	dated	
March	24,	2011.)
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emulsion	consisting	of	damaged	and	intact	fat	globules,	crystalline	fat,	and	an	aque-
ous	phase,	dispersed	in	a	continuous	oil	phase	(Wright	et	al.,	2001).

Texture	is	the	main	physical	quality	factor	that	determines	butter’s	acceptability,	
hardness,	and	spreadability,	which	are	the	most	essential	features	perceived	by	con-
sumers.	Textural	properties	of	butter	are	dependent	on	the	chemical	composition	and	
the	solid	fat	content	(SFC)	of	the	product,	which	also	determine	the	thermal	proper-
ties	of	butter.	Furthermore,	butter	 texture	 is	 influenced	by	 the	morphology	of	 the	
fat	crystal	network	and	the	different	forms	this	might	adopt	at	a	given	temperature	
(Glibowski	et	al.,	2008;	Krause	et	al.,	2008;	Vithanage	et	al.,	2009).

15.3.1  therMal ProPertieS

The	thermal	properties	of	butter	are	usually	determined	by	differential	scanning	cal-
orimetry	(DSC).	Previously,	butter	was	heated	at	60–70°C	to	liquefy	the	sample,	and	
thus	to	erase	any	crystals.	Measurements	are	carried	out	in	the	temperature	range	of	
about	−20°C	to	70°C	with	heating	and	cooling	rates	to	study	melting	behavior	and	
crystallization.	Three	melting	zones	are	usually	found	in	the	melting	thermograms	

FIGURE 15.5(B)  Electron	microscopy	photograph	from	the	surface	of	milk	powder	parti-
cles	after	lactose	crystallization.	(From	Hardy,	J.,	J.	Scher,	and	S.	Banon.	2002.	Water	activity	
and	 hydration	 of	 dairy	 powders.	 Lait	 82:	 441–452.	 Reprinted	 with	 permission	 from	 EDP	
Sciences,	dated	March	24,	2011.)
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of	butters.	The	three	zones	include	a	minor	peak	representing	a	low	melting	zone	
(between	−30°C	and	7°C),	a	major	peak	representing	an	intermediate	melting	zone	
(between	 7°C	 and	 26°C)	 and	 a	 broad	 shoulder	 representing	 a	 high	 melting	 zone	
(between	 26°C	 and	 45°C).	 The	 melting	 temperature	 can	 be	 determined	 from	 the	
peak	maximum	of	the	heating	profiles.	The	temperature	at	the	beginning	of	crystal-
lization	(T	onset)	can	be	calculated	from	the	cooling	profiles	(Avramis	et	al.,	2003;	
Couvreur	et	al.,	2006;	Jinjarak	et	al.,	2006;	Vithanage	et	al.,	2009).

Recently,	a	low-field	1H	nuclear	magnetic	resonance	(NMR)	has	been	applied	to	
determine	phase	 transitions	 in	cream	(0−100%	fat).	The	 relaxation	measurements	
were	performed	on	a	benchtop	pulsed	NMR	analyzer	with	a	resonance	frequency	
of	23.2MHz	for	protons.	Performing	principal	component	analysis	on	the	transverse	
relaxation	data	measured	during	cooling	of	the	cream	revealed	a	major	change	in	the	
T2	relaxation	characteristics	at	temperatures	of	17°C	and	22°C,	which	were	almost	
identical	 to	the	crystallization	temperatures	determined	by	DSC	analysis.	Thus,	 it	
was	suggested	that	low-field	NMR	could	be	used	to	measure	on-line	phase	transi-
tions	in	cream	and	butter	(Bertram	et	al.,	2005).

15.3.2  Solid Fat content (SFc)

The	extent	of	solidification,	and	hence	 the	 ratio	of	solid	 to	 liquid	 fat,	 is	an	 impor-
tant	physical	property	that	determines	butter	consistency	(Wright	et	al.,	2001).	The	
determination	of	SFC	in	butter,	at	any	temperature,	has	been	performed	using	DSC	
by	calculating	the	ratio	of	the	partial	area	above	the	temperature	of	the	peak	maxi-
mum	 to	 the	 total	 area	 under	 the	 DSC	 melting	 curve	 to	 the	 baseline	 (Couvreur	 et	
al.,	2006;	Vithanage	et	al.,	2009).	However,	this	technique	has	been	largely	replaced	
by	the	pulsed	NMR	technique,	which	was	adopted	as	an	official	method	(Cd	16-81)	
by	 the	American	Oil	Chemists’	Society	 (AOCS,	1999).	Crystallization	 curves	 can	
be	 constructed	 by	 plotting	 the	 SFC	 (%)	 as	 a	 function	 of	 time.	 The	 crystallization	
curves	obtained	by	NMR	can	be	fitted	following	the	Avrami	model	(Avrami,	1941).	
Fitting	the	SFC	data	to	this	model	allows	for	the	determination	of	kinetic	parameters,	
which	provide	 information	on	the	nature	of	 the	crystallization	process	(Campos	et	
al.,	2002).	NMR	instruments	are	capable	of	accurate,	precise,	rapid,	and	nondestruc-
tive	measurement	of	solid	fat	content.	This	technique	has	been	applied	to	study	the	
effect	of	cooling	rate	on	the	structure	and	mechanical	properties	of	anhydrous	milk	
fat	(Campos	et	al.,	2002;	Maranagoni	and	Narine,	2002),	the	physical	and	chemical	
properties	of	milk	fat	and	phytosterol-ester	blends	(Rodrigues	et	al.,	2007),	and	the	
influence	on	butter	properties	of	feeding	special	diets	to	dairy	cows	(Avramis	et	al.,	
2003).

Singh	et	al.	(2004)	compared	an	ultrasonic	velocimetry	technique	to	direct	pulsed	
nuclear	magnetic	resonance	(pNMR)	spectroscopy	for	the	determination	of	the	SFC	
of	anhydrous	milk	 fat	 (composed	of	100%	milk	 fat)	 and	blends.	 In	 situ	measure-
ments	of	ultrasonic	velocity	were	carried	out	during	cooling	and	heating	of	the	fat.	
Ultrasonic	velocity	was	linearly	correlated	to	solid	fat	content	in	anhydrous	milk	fat	
up	to	40%	solids	during	both	crystallization	and	melting,	although	large	deviations	
were	observed	above	20%	solids.	This	ultrasonic	spectrometry	technique	could	be	
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used	to	monitor	and	study	the	crystallization	process	of	dairy	fats	on-line,	so	that	
their	properties	could	be	monitored	during	processing.

15.3.3  textural ProPertieS

The	textural	properties	of	butter	have	been	extensively	studied.	Most	of	the	tests	used	
to	characterize	butter	texture	are	empirical	in	nature	and	designed	to	imitate	sensory	
perceptions	for	quality	control	operations.	These	are	based	mainly	on	the	principles	
of	extrusion,	compression,	sectility,	and	penetrometry,	and	involve	large	deforma-
tions	that	break	down	the	material	structure.	Small	deformation	techniques	have	also	
been	used	to	probe	the	response	of	butter	to	stress	and	have	the	advantage	that	strains	
are	low	enough	to	keep	the	structure	intact	(Wright	et	al.,	2001).

In	extrusion	tests,	the	butter	sample	is	extruded	through	an	orifice	at	a	constant	
speed	 and	 the	 force	 required	 to	 sustain	 motion	 is	 recorded	 (Prentice,	 1972).	 The	
compression	test	involves	placing	the	butter	between	two	flat	platens.	Tests	can	be	
performed	in	two	different	ways:	(1)	a	constant	load	is	applied	to	the	top	platen	the	
deformation	of	the	butter	is	recorded	(De	Man	et	al.,	1985)	or	(2)	a	constant	speed	
is	applied	to	the	top	platen	and	the	load	and	the	deformation	are	monitored	(Dixon,	
1974).	Sectility	tests	involve	the	use	of	a	stretched	steel	wire	that	is	driven	through	
the	sample	at	a	constant	speed	while	the	counteracting	force	is	measured	(Hayakawa	
et	al.,	1986).

Despite	the	fact	that	all	these	tests	have	been	shown	to	be	reliable	in	determining	
textural	properties	of	butter,	constant	force	penetrometry	has	been	the	most	common	
empirical	 test	used	 in	 the	 last	 few	years.	Brule	 (1893)	first	applied	 this	 technique	
using	a	steel	rod	to	penetrate	the	butter	sample	and	loading	it	with	weights	until	it	
penetrated	the	fat.	Penetrometry	tests	are	usually	performed	using	a	texture	analyzer	
(TA-TX2	machine)	or	on	some	occasions	an	universal	testing	machine	(Couvreur	et	
al.,	2006)	equipped	with	a	cylinder	(Glibowski	et	al.,	2008;	Vithanage	et	al.,	2009)	or	
a	conical	probe	of	known	dimensions	and	weight	(Bobe	et	al.,	2003;	Campos	et	al.,	
2002;	Couvreur	et	al.,	2006;	Jinjarak	et	al.,	2006;	Rodrigues	et	al.,	2007)	which	is	
loaded	at	a	constant	speed	to	a	specific	depth.	Using	this	technique,	the	main	param-
eter	obtained	is	hardness,	which	is	defined	as	the	force	measured	at	a	specific	depth	
penetration	(usually	between	5	and	18	mm)	(Bobe	et	al.,	2003;	Couvreur	et	al.,	2006;	
Glibowski	et	al.,	2008;	Jinjarak	et	al.,	2006).	The	force-displacement	measurement	
can	be	also	recorded	and	the	Young’s	modulus	calculated	(Vithanage	et	al.,	2009).

Consistency	of	milk	fat	has	also	been	determined	using	a	penetration	test	equipped	
with	 a	 conical	 probe	working	 at	 a	 constant	 speed	 to	 a	 certain	depth,	 and	 consis-
tency	calculated	as	the	yield	value	(Rodrigues	et	al.,	2007).	Adhesiveness	can	also	
be	obtained	using	a	penetrometry	test.	Adhesiveness	is	the	work	necessary	to	over-
come	the	force	of	attraction	between	the	area	of	butter	and	other	solids	coming	into	
contact	with	it.	Adhesiveness	is	defined	as	the	negative	force-time	value	generated	
during	probe	withdrawal	(Bobe	et	al.,	2003;	Glibowski	et	al.,	2008).	Penetrometry	
tests	offer	a	simple	and	economical	method	to	evaluate	textural	properties	of	butter	
and	 the	 results	obtained	correlated	well	with	 sensory	 studies	 (Wright	et	 al.	2001;	
Bobe	et	al.,	2003).
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Spreadability	of	butter	has	been	determined	by	Glibowski	et	al.	(2008)	using	a	
texture	analyzer	with	a	rig	attachment.	A	female	cone	was	filled	with	samples	(90°	
angle).	During	the	analysis,	samples	were	displaced	to	within	0.5	mm	of	the	base	of	
the	female	cone	using	a	corresponding	male	cone	attachment	 for	 the	 texture	ana-
lyzer.	Force	was	measured	for	the	duration	of	the	test,	and	spreadability	was	equated	
to	the	area	under	the	curve.	Smaller	forces	required	to	spread	samples	reflects	easier	
spreadability	of	butter.

Numerous	 attempts	 to	 correlate	 textural	 results	 obtained	 using	 large	 deforma-
tion	techniques	with	sensory	attributes	of	butter	have	been	carried	out.	Despite	the	
limitations	of	empirical	 testing,	 results	obtained	often	correlate	well	with	sensory	
evaluation	(Bobe	et	al.,	2003;	Wright	et	al.,	2001).	Thus,	because	sensory	tests	are	
complicated,	 expensive,	 and	 time	consuming,	 the	possibility	of	 replacing	 sensory	
evaluation	with	an	instrumental	method	is	very	attractive.

Small	deformation	 techniques	have	also	been	used	 to	study	 textural	properties	
of	butter	because	it	exhibits	a	viscoelastic	behavior	at	small	stresses.	Viscoelasticity	
can	be	probed	by	evaluating	the	relationships	among	stress,	strain,	and	time,	using	
small	deformations.	This	has	to	be	carried	out	within	the	region	where	the	relation-
ship	between	stress	and	strain	is	linear,	and	when	the	structure	of	the	sample	remains	
intact	 (Wright	 et	 al.,	 2001).	Butter	viscoelasticity	has	been	 recently	 studied	using	
rheometers	with	a	number	of	configurations	and	geometries.	Vithanage	et	al.	(2009)	
used	a	rheometer	with	parallel	plate	fixtures	to	study	the	effect	of	temperature	on	the	
rheological	properties	of	butter	in	order	to	correlate	the	magnitude	of	storage	modu-
lus	and	elastic	modulus	of	the	product	at	the	linear	viscoelastic	region.	They	found	a	
good	correlation	between	the	Young’s	modulus and	shear	elastic	modulus	of	butter.	
These	parameters	also	had	a	good	relationship	with	those	obtained	using	cone	pen-
etrometry	in	a	texture	analyzer	at	the	temperatures	studied.	Glibowski	et	al.	(2008)	
determined	the	flow	curves	and	the	apparent	viscosity	of	butter	using	a	rheometer,	
and	observed	that	apparent	viscosity	was	not	very	high	correlated	with	hardness	and	
spreadability	determined	with	cone	penetrometry.

Behkhelifa	et	al.	(2008)	developed	a	device	to	study	the	rheology	of	food	prod-
ucts	during	heat	processes	in	scraped	surface	heat	exchangers.	It	consists	of	a	cylin-
drical	viscometer	equipped	with	scraper	blades	and	is	called	a	scraper-rheometer.	
Measured	viscosities	were	in	good	agreement	with	reported	literature	values	or	with	
measurements	performed	with	a	classical	geometry.	This	technique	could	be	used	
to	follow	the	rheology	of	food	products	that	are	subjected	to	heat	transfer	and	shear	
rates	and	that	show	Newtonian	or	shear	thinning	behavior,	such	as	cream	and	butter.

15.3.4  MicroStructure

Microstructural	 studies	 of	 butter	 have	 been	 carried	 out	 to	 determine	 the	 number	
and	size	of	milk	fat	crystals	as	well	as	their	morphology	and	polymorphism	because	
they	greatly	 influence	 the	mechanical	and	 thermal	properties	of	 the	product.	The	
fat	crystal	network	of	butter	is	affected	by	the	processing	conditions,	cooling	rate,	
and	temperature	to	which	butter	is	subjected.	The	microstructure	of	crystals	present	
in	milk	fat	obtained	from	butter	has	been	studied	using	polarized	light	microscopy	
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(PLM)	(Rodrigues	et	al.,	2007;	Wright	et	al.,	2000),	CSLM	(Van	Lent	et	al.,	2008),	
and	electron	microscopy	(Precht	and	Peters,	1981).

Polarized	 light	 microscopy	 exploits	 the	 difference	 in	 the	 refractive	 index	 of	 a	
beam	of	incident	light	polarized	in	two	perpendicular	directions.	Since	fat	crystals	
are	birefringent,	they	will	appear	as	sharp	bright	objects	in	a	nonbirefringent,	and	
therefore	dark,	 background	 (Wright	 et	 al.,	 2000).	Rodrigues	 et	 al.	 (2007)	 studied	
the	different	microstructures	of	milk	fat	 from	butter	upon	slow	and	rapid	crystal-
lization.	As	seen	in	Figure 15.6,	milk	fat	that	crystallized	rapidly	showed	a	granular	
morphology	 composed	 by	 crystals	 in	 great	 amounts	 and	 small	 size.	 This	 granu-
lar	morphology	arose	from	growth	processes	characterized	by	high	crystallization	
rates.	However,	for	slow	crystallization	processes,	crystal	aggregates	are	observed	
(Campos	et	al.,	2002;	Rodrigues	et	al.,	2007).

The	polymorphic	forms	present	in	milk	fat	can	be	determined	by	x-ray	diffraction	
(XRD)	techniques.	The	polymorphic	forms	are	characterized	by	the	d-spacings	of	
the	crystal	lattices	as	observed	in	XRD	patterns,	which	correspond	to	the	distances	
associated	with	the	lateral	packing	of	the	fatty	acid	hydrocarbon	chains.	Three	dif-
ferent	polymorphic	crystal	forms	have	been	observed	in	milk	fat:	γ,	α,	and	β .́	The	
kind	of	polymorph	formed	during	crystallization	of	milk	fat	from	its	melted	state	
is	 dependent	 on	 the	 cooling	 rate	 and	 the	 final	 temperature.	 Moreover,	 transitions	
between	the	different	polymorphic	forms	were	shown	to	occur	upon	storing	or	heat-
ing	the	milk	fat	(Campos	et	al.,	2002;	ten	Grotenhuis	et	al.,	1999).

On	the	other	hand,	microstructural	studies	performed	on	butter	have	been	also	
focused	on	the	size	distribution	of	the	water	droplets	present	in	the	product	(Van	
Lent,	2008).	The	aqueous	phase	of	butter	is	present	in	small	droplets	of	less	than	
10	µm.	The	presence	of	 this	globular	water	may	lead	to	an	increase	in	the	effec-
tive	 viscosity	 of	 the	 system	 and	 lends	 rigidity	 to	 the	 butter	 because	 of	 the	 high	
energy	needed	to	overcome	the	surface	tension	of	the	globules	(Wright	et	al.,	2001).	
Therefore,	the	physical	stability	of	food	emulsions	such	as	butter	is	determined	in	
great	part	by	 the	water	droplet	size	distribution.	 It	also	determines	 the	microbial	

(a) (b)
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FIGURE 15.6  Polarized	light	micrographs	of	milk	fat	cooled	rapidly	(A)	and	slowly	(B).	
(From	Campos,	R.,	S.S.	Narine,	and	A.G.	Marangoni.	2002.	Effect	of	cooling	rate	on	 the	
structure	and	mechanical	properties	of	milk	fat	and	lard.	Food Research International	35:	
971–981.	Reprinted	with	permission	from	Elsevier,	License	number	2637840505965,	dated	
March	28,	2011.)
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stability	as	well	as	the	rheological	properties	and	flavor	release	of	butter	(Voda	and	
Duynhoven,	2009;	Van	Dalen,	2002;	Van	Lent	et	al.,	2008).	Therefore,	its	experi-
mental	determination	is	of	technological	importance,	and	a	fast	and	efficient	method	
to	determine	the	water	droplet	size	distribution	in	butter	is	therefore	valuable.

Some	conventional	 techniques,	 such	 as	 laser	 diffraction,	 for	 the	determination	
of	the	water	droplet	size	distribution	in	butter,	have	been	reported	to	be	unsuitable	
because	part	of	the	continuous	fat	phase	is	in	a	solid	state.	Conventional	wide-field	
light	microscopy	can	also	be	used,	but	it	requires	thin	sample	slices	that	limit	the	
detectable	 droplet	 size	 (Van	 Lent	 et	 al.,	 2008).	 The	 sample	 must	 be	 diluted	 and	
squeezed	between	glass	 slices,	which	may	deform	 the	 large	droplets	 (Van	Dalen,	
2002).	The	pulsed-field	gradient	low-resolution	NMR	(PFG-NMR),	which	operates	
at	a	 low	field,	 typically	20	MHz	for	 1H,	has	gained	popularity	as	a	droplet-sizing	
tool	in	food	emulsions.	It	works	with	undiluted	samples,	is	easy,	fast	(15	min)	and	
relatively	cheap	compared	to	high-resolution	NMR	(Van	Duynhoven	et	al.,	2002).	
On	the	other	hand,	the	use	of	CSLM	after	staining	the	fat	with	Nile	red	has	also	been	
extended	to	study	water	droplet	size	distribution	in	food	emulsions,	including	butter.	
The	profiles	of	nonfluorescent	water	droplets	in	2D	images	are	identified	and	mea-
sured	using	image	analysis.	The	water	droplet	size	distribution	is	calculated	from	the	
distribution	of	the	measured	profile	diameters	using	a	transformation	of	log-normal	
distributions.	 This	 technique	 has	 the	 advantage	 of	 giving	 visual	 information	 and	
samples	can	be	observed	undiluted	without	the	need	for	thin	specimens	(Van	Dalen,	
2002;	Van	lent	et	al.,	2008).

Van	lent	et	al.	(2008)	compared	the	use	of	CSLM	and	PFG-NMR	to	determine	
the	water	droplet	size	distribution	in	various	commercial	butter	samples	and	signifi-
cantly	different	results	were	obtained	for	samples	analyzed	by	both	techniques.

15.3.5  color

Another	physical	property	of	butter	that	is	important	for	consumer	acceptability	is	
color.	The	color	of	butter	is	usually	determined	using	a	colorimeter	and	the	Hunter	
L values	for	lightness,	and	a	and	b	values	for	chromaticities	are	usually	determined	
(Jinjarak	et	al.,	2006;	Kim	et	al.,	2006;	Krause	et	al.,	2008).

15.4  MEASUREMENT OF PHYSICAL PROPERTIES OF YOGURT

Yogurt	is	a	fermented	dairy	product	obtained	by	acid	coagulation	of	milk	due	to	the	
metabolic	activity	of	lactic	acid	bacteria.	There	are	three	main	types	of	yogurt:	set	
yogurt,	stirred	yogurt,	and	drinking	yogurt.	Set yogurt	is	fermented	in	the	same	con-
tainer	and	all	the	ingredients	must	be	added	to	it	before	coagulation.	The	main	ingre-
dients	of	set	yogurt	are	homogenized	and	pasteurized	milk	and	two	types	of	lactic	
acid	bacteria, Streptococcus thermophillus	 and	Lactobacillus delbrueckii	 subspe-
cies	bulgaricus.	In	addition,	set	yogurt	usually	contains	milk	derivates	to	increase	
dry	matter,	such	as	skimmed	milk	powder,	and	in	some	cases	stabilizers	or	hydro-
colloids,	like	gelatin	or	starch.	These	ingredients	are	used	to	increase	firmness	and	
water	retention	holding	capacity,	two	important	characteristics	in	set	yogurt.	In	con-
trast,	stirred yogurt	is	fermented	in	bulk	and	stirred	after	coagulation;	consequently,	
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other	ingredients	apart	from	milk	and	starters	are	added	after	stirring.	Stirred	yogurt	
is	not	usually	enriched	in	dry	matter	as	set	yogurt,	viscosity	being	more	important	
than	firmness.	 In	 stirred	yogurt,	viscosity	 is	achieved	by	choosing	certain	 strains	
of	 lactic	acid	bacteria	 that	produce	high	 levels	of	exopolysaccharides	 (Duboc	and	
Mollet,	2001).	Drinking	yogurt	is	a	stirred	yogurt	with	a	sufficiently	low	total	solids	
content	 to	achieve	a	 liquid	consistency	and	normally	has	undergone	homogeniza-
tion	to	further	reduce	the	viscosity.	In	this	section,	we	describe	the	methods	used	
to	measure	 the	main	physical	properties	of	yogurt	 that	 are	directly	 related	 to	 the	
organoleptic	quality	of	this	product.

15.4.1  textural and rheological ProPertieS

Texture	is	one	of	the	most	appreciated	features	of	set	yogurt	by	consumers.	The	main	
sensory	 attributes	 related	 to	 yogurt	 texture	 are:	 thickness	 (or	 viscosity),	 smooth-
ness,	and	sliminess	(or	ropiness)	(Sodini	et	al.	2004).	Although	data	obtained	from	
instrumental	analysis	do	not	always	correlate	well	with	results	obtained	by	sensory	
analysis,	instrumental	measurement	gives	some	relevant	information	that	can	help	to	
know	how	the	milk	base,	lactic	starters,	and	manufacturing	process	affect	the	final	
texture	of	yogurt	(Sodini	et	al.	2004).

Yogurt	is	a	nonNewtonian	pseudoplastic	material	with	shear-thinning,	yield	stress,	
viscoelasticity,	and	a	highly	time-dependent	behavior	(Basak	and	Ramaswamy,	1994;	
Benezech	 and	 Maingonnat,	 1994).	 Measuring	 its	 rheological	 behavior	 is	 difficult	
because	of	its	poor	reproducibility,	sensitivity	to	sample	preparation,	sensitivity	to	
shear	history,	and	wall	slip	(Yoon	and	McCarthy,	2002).	These	problems	make	rheo-
logical	characterization	a	challenge	in	routine	quality	control,	where	it	is	necessary	
to	analyze	many	samples	in	a	short	time.

Dynamic	 tests	 are	 used	 to	 measure	 viscoelastic	 properties	 of	 set	 and	 stirred	
yogurts.	Viscosity	is	the	property	of	a	material	to	resist	deformation.	Two	types	of	
viscosity	can	be	measured:	extentional	or	shear-free	viscosity	and	shear	viscosity.	
In	shear-free	viscosity	 there	 is	no	velocity	gradient	among	liquid	molecules	when	
liquid	starts	to	flow	(Mortazavian	et	al.,	2009).	Shear	viscosity	is	normally	measured	
in	yogurt	using	rotational	viscometers,	which	apply	a	given	shear	rate	to	the	sample	
introduced	between	a	support	plate	and	a	stirring	cone,	between	two	plates,	or	in	a	
concentric	cylindrical	cup.	In	the	review	by	Mortazavian	et	al.	(2009)	there	is	a	good	
selection	of	publications	on	viscometric	tests	applied	to	yogurt	reflecting	the	measur-
ing	system	and	recorded	parameters	used.	In	these	tests,	the	torque	measurements	
result	from	the	resistance	of	the	fluid	to	the	movement,	and	allow	the	determination	
of	apparent	viscosity,	which	is	often	observed	to	decrease	with	increasing	shear	rates	
(Duboc	and	Mollet,	2001).	Another	important	rheological	property	of	yogurt	is	thix-
otrophy	(or	elasticity),	which	is	the	ability	to	recover	the	original	structure	after	ces-
sation	of	a	shearing	action.	This	property	can	be	measured	by	applying	an	oscillatory	
stress	to	the	sample.	The	dynamic	response	of	a	viscoelastic	fluid	to	an	oscillatory	
stimulation	results	from	two	contributions:	the	elastic	or	storage	modulus	G´	and	the	
viscous	or	loss	modulus	G ;̋	corresponding	to	elasticity	and	viscosity,	respectively,	
and	the	loss	tangent	(tan	a),	which	is	the	ratio	of	the	viscous	and	elastic	properties	
(Duboc	and	Mollet,	2001).	In	the	linear	viscoelastic	region,	that	is,	when	low	strain	
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(<10%)	or	low	stress	(<5	Pa)	are	applied,	the	structure	is	maintained	and	the	yogurt	
properties	can	be	characterized	(Gauche	et	al.,	2009).

Rheological	methods	permit	the	calculation	of	true	rheological	behavior,	yielding	
stress,	and	apparent	viscosity.	The	test	that	is	usually	used	is	to	apply	to	the	sample	
different	shear	rates	ranging	from	0	to	1000	s−1	for	a	few	minutes.	Sometimes	a	linear	
down	shear	rate	to	0	s−1	is	applied	afterward	in	order	to	study	the	thixotropic	behav-
ior	of	yogurt	(Sodini	et	al.,	2004).

Yield stress	is	a	rheological	property	defined	as	the	minimum	shear	stress	that	is	
required	to	start	flow,	which	can	be	used	to	characterize	the	firmness	of	yogurt.	This	
magnitude	depends	on	the	characteristic	time	of	the	sample,	the	time	of	the	process,	
and	on	the	history	of	structural	alteration	of	the	sample	prior	to	measurement;	there-
fore,	it	is	not	easily	measured	(Ares	et	al.,	2006).	Yield	stress	has	been	determined	
by	the	vane	method	in	many	dairy	products	 including	yogurt	(Harte	et	al.,	2003).	
According	to	the	results	of	some	studies,	the	vane	yield	stress	of	yogurt	is	highly	cor-
related	with	the	sensory	firmness	evaluated	by	trained	panelists	(Harte	et	al.,	2007).

In	some	studies,	rheometry	has	been	combined	with	the	addition	of	enzymes	to	
mimic	mouth	melting.	Alting	et	al.	(2009)	determined	in	vitro	melting	of	set	yogurt	
with	 different	 formulations	 by	 torque	 measurements	 using	 a	 rheometer	 equipped	
with	vane	geometry	and	adding	alfa-amylase	to	reproduce	human	saliva	activity.

To	quantify	 the	 ropiness	or	 sliminess	of	yogurt,	which	depends	mainly	on	 the	
production	of	exopolysaccharides	by	lactic	acid	bacteria,	a	simple	test	was	developed	
by	Hess	et	al.	(1997)	using	the	texture	analyzer.	This	analyzer	is	equipped	with	a	
platen	3.8	cm	in	diameter	and	the	sample	of	yogurt	is	placed	on	a	flat	block.	A	probe	
is	lowered	onto	the	sample	to	a	height	of	5	mm	above	the	block	and	is	moved	upward	
100	mm	(rate	of	10	mm/s).	The	time	required	to	break	the	strand	formed	between	
the	probe	and	the	block	is	recorded,	and	extensibility	is	calculated	from	the	distance	
to	break.

Another	 rheological	 property	 important	 for	 yogurt	 manufacturing	 is	 its	 flow	
behavior,	which	can	be	characterized	by	empirical	tests;	these	tests	allow	definition	
of	specific	parameters	such	as	Brookfield	viscosity,	or	flowing	time	for	Posthumus	
funnel,	or	Cenco	or	Bostwick	consistometers	(Sodini	et	al.,	2004).

It	 has	 been	 stated	 that	 the	 most	 appropriate	 technique	 for	 measuring	 the	 con-
sistency	 of	 set	 yogurt	 is	 to	 use	 penetrometers,	 which	 constitute	 one	 of	 the	 sim-
plest	and	most	widely	used	types	of	texture-measuring	instruments	(Benezech	and	
Maingonnot,	1994).	The	puncture	test	measures	the	force	required	to	push	a	punch	
or	a	probe	into	a	food	product.	A	large	variety	of	probes,	penetration	rates,	penetra-
tion	 depths,	 and	 temperatures	 has	 been	 used,	 and	 consequently,	 it	 is	 hardly	 pos-
sible	to	compare	results	between	different	works.	However,	it	is	very	useful	to	study	
the	effect	of	different	components	and	conditions	of	processing	on	yogurt	texture.	
Derived	 from	 the	 penetrometic	 methods,	 texture-profile	 analysis	 is	 used	 to	 study	
set-type	yogurts.	The	test	consists	of	compressing	a	bite-sized	piece	of	food	twice	in	
a	reciprocating	motion,	which	imitates	the	action	of	the	jaw.	A	number	of	textural	
parameters	were	extracted	from	the	resulting	force–time	curves,	which	are	closely	
correlated	to	sensory	evaluations	(Benezech	and	Maingonnot,	1994).

The	 main	 parameters	 of	 the	 texture	 profile	 measured	 in	 yogurt	 by	 a	 General	
Food	Texturometer	are	gumminess,	cohesiveness,	adhesiveness,	and	hardness	from	
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the	nondestructive	curve	and	fracturability	or	brittleness	from	a	destructive	curve	
(Figure 15.7).

These	 parameters	 can	 give	 quite	 good	 information	 on	 the	 influence	 of	 dif-
ferent	 ingredients	on	milk	 texture,	 such	as	 added	 solids	or	 stabilizers	or	 emul-
sifiers	 (Gauche	 et	 al.,	 2009;	 Fiszman	 et	 al.,	 1999)	 as	 is	 shown	 in	 Figure  15.8.	
Furthermore,	 the	 texture	 measurement	 of	 set	 yogurt	 may	 give	 valuable	 infor-
mation	on	quality	control	of	commercial	production,	storage	stability,	sensorial	
evaluation	by	consumers,	and	knowledge	of	the	effects	of	mechanical	processing	
on	 yogurt	 structure	 (Gauche	 et	 al.,	 2009).	 For	 texture	 analysis,	 as	 an	 example,	
Gauche	et	al.	performed	measured	samples	 that	were	kept	 in	plastic	containers	
(45	mm	diameter)	of	80	mL	(6	±	1ºC)	for	3	days	until	 the	moment	of	analysis.	
The	instrumental	texture	analysis	was	realized	in	a	texturometer.	The	operation	
speed	was	2.0	mm/s	and	the	distance	covered	in	the	sample	was	20	mm,	using	a	
cylindrical	probe.

Empirical	 or	 imitative	 methods	 such	 as	 penetrometry	 tests,	 texture	 profile	
analysis,	and	Posthumus	 funnel	have	been	preferred	 to	characterize	 the	 textural	
properties	of	yogurts	because	they	are	inexpensive,	can	be	generally	correlated	to	
sensory	measurements,	and	do	not	require	mathematical	 treatments	(Ares	et	al.,	
2006).	However,	the	main	disadvantages	of	these	empirical	or	imitative	methods,	
when	 compared	 to	 fundamental	 measurement	 of	 rheological	 properties,	 are	 the	
use	of	relative	scales	and	that	results	are	for	a	given	set	of	experimental	conditions,	
making	it	hardly	possible	to	compare	results	unless	the	same	conditions	are	used	
(Ares	et	al.,	2006).

The	texture	of	stirred	yogurt	has	been	characterized	by	a	back	extrusion	(pseudo-
compression)	method	described	by	several	authors	(Pereira	et	al.,	2003;	Staffolo	et	
al.	2004;	Patrignani	et	al.,	2007;	Ciron	et	al.,	2010).	The	textural	parameters	derived	
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FIGURE  15.7  Texture	 profile	 analysis.	 (From	 Benezech,	 T.,	 and	 J.F.	 Maingonnat.	 1994.	
Characterization	 of	 the	 rheological	 properties	 of	 yoghurt:	 A	 review.	 Journal of Food 
Engineering	 21:	 447–472.	 Reprinted	 with	 permission	 from	 Elsevier,	 License	 number	
2637831327589,	dated	March	28,	2011.)



376 Physical Properties of Foods

from	 this	 measurement	 were	 maximum	 force	 in	 compression	 (firmness),	 posi-
tive	area	of	the	curve	(consistency);	maximum	negative	force,	which	indicates	the	
resistance	to	withdrawal	of	the	sample	from	the	extrusion	disc	being	lifted	(cohe-
siveness);	and	negative	area	of	the	curve	(viscosity	index).	Consistency	and	index	of	
viscosity	are	related	parameters;	consistency	indicates	the	thickness	of	the	sample,	
while	the	index	of	viscosity	gauges	the	resistance	of	the	sample	to	flow	off	the	disc	
during	back	extrusion	(Ciron	et	al.,	2010).

15.4.2  Particle Size

Particle	size	of	stirred	yogurt	has	been	reported	to	be	related	to	texture	percep-
tion,	 in	 particular	 with	 creaminess	 (Cayot	 et	 al.,	 2008).	 The	 gel	 particle	 size	
distribution	 of	 yogurt	 after	 stirring	 conditions	 has	 been	 studied	 by	 laser	 light	
scattering	 techniques	and	 it	has	been	concluded	 that	 the	smoothness	perceived	
both	visually	and	orally	varies	with	 the	size	of	 the	particles	of	 the	stirred	gels	
(Cayot	et	al.,	2008).

The	effect	of	high-pressure	microfluidization	or	conventional	homogenization	on	
the	particle	size	in	milk	to	elaborate	yoghurt,	gel	particle	size,	and	textural	quality	
of	the	product	obtained	by	dynamic	light	scattering	have	been	studied	(Ciron	et	al.,	
2010).	The	gel	particle	size	and	microstructure	of	yogurt	obtained	from	the	two	tech-
nologies	were	significantly	different,	with	the	microfluidized	product	having	larger	
gel	particles,	apparently	as	a	consequence	of	more	fat	globules	connected	and	bound	
to	the	protein.
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FIGURE  15.8  Penetrometry	 profiles	 of	 yogurts;	 plain	 yogurt	 (a),	 yogurt	 with	 5%	 milk	
solids	 (b),	yogurt	with	1.5%	gelatin	(c),	and	yogurt	with	5%	milk	solids,	and	1.5%	gelatin	
(d).	 (From	Fiszman,	S.M.,	M.A.	Lluch,	 and	A.	Salvador.	1999.	Effect	of	 addition	of	gela-
tin	on	microstructure	of	acidic	milk	gels	and	yoghurt	 and	on	 their	 rheological	properties.	
International Dairy Journal	9:	895–901.	Reprinted	with	permission	from	Elsevier,	License	
number	2638210963549,	dated	March	28,	2011.)
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15.4.3  MicroStructure

Microstructure	of	yogurt	consists	of	a	matrix	of	aggregated	casein	particles,	with	the	
fat	globules	embedded	in	this	matrix.	The	cavities	of	the	gels	are	filled	with	serum	
and	 bacterial	 cells;	 these	 are	 attached	 to	 the	 protein	 through	 polysaccharides.	 In	
yogurts	with	a	good	level	of	exopolysaccharides,	the	gel	structure	is	more	homoge-
nous	with	randomly	distributed	small	cavities,	while	yogurts	obtained	with	nonropy	
strains	show	larger	cavities	(Duboc	and	Mollet,	2001).	These	interactions	between	
components	can	be	disrupted	in	stirred	yogurt	by	shearing	forces.

Microstructure	 studies	 make	 it	 possible	 to	 know	 about	 textural	 properties	 of	
yogurt	 and	 rheological	 behavior	 leading	 to	 improving,	 maintaining,	 and	 design-
ing	the	texture	(Mortazavian	et	al.,	2009).	The	study	and	observation	of	gel	micro-
structure	and	homogeneity	of	the	network	is	essential	to	understand	the	molecular	
reasons	for	appearance	changes	of	yogurt,	and	has	been	performed	by	scanning	or	
transmission	electronic	microscopy	(Sodini,	2004).	Microscopic	characterization	by	
cryo-SEM	has	been	used	to	evaluate	the	formation	of	gel	using	different	additions	
of	gelatin	or	milk	solids	(Fiszman,	1999).	A	relatively	new	technique	called	environ-
mental	scanning	electron	microscopy	(ESEM)	has	also	been	applied	to	dairy	prod-
uct	observation,	in	particular	of	yogurt.	This	technique	has	the	advantage	that	the	
samples	are	viewed	at	any	temperature	in	their	natural,	fully	hydrated	state;	special	
preparation	of	the	sample	is	not	required	for	SEM	(Mortazavian	et	al.,	2009).

Light	microscopy	and	CSLM	have	been	also	applied	to	study	the	microstructure	
of	 yogurt	 with	 interesting	 results	 when	 evaluating	 the	 impact	 of	 adding	 different	
ingredients	in	the	gel	structure.	Thus,	in	the	work	by	Alting	et	al.	(2009),	milk	fat	
replacement	by	amylomaltase-treated	starch	was	analyzed	by	light	microscopy	and	
CSLM.	In	that	work,	the	microscopic	analysis	showed	that	the	amylomaltase-treated	
starch	is	perfectly	integrated	in	the	protein	phase	and	is	not	separated	in	the	serum	
phase,	and	thus	acts	as	a	good	fat	replacement.

The	application	of	CSLM	by	Girard	et	al.	 (2007)	was	directed	at	evaluating	 the	
effect	of	interaction	of	exopolysaccharides	with	the	protein	network	on	the	resistance	
of	yogurt	to	shearing	and	to	observe	the	structure	remaining	after	stirring.	Other	stud-
ies,	like	that	carried	out	by	Ciron	et	al.	(2010),	used	confocal	microscopy	to	analyze	the	
effect	on	yogurt	structure	of	previous	treatments	to	milk,	such	as	high-pressure	homog-
enization	in	a	microfluidizer	compared	with	conventional	homogenization.	They	used	
selective	staining	for	fat	and	protein,	and	reported	that	the	structure	observed	corre-
lated	well	with	the	results	obtained	in	texture	analysis.

Unlike	electron	microscopy,	CSLM	has	minimal	sample	preparation	steps	due	to	
its	optical	sectioning	capabilities,	which	can	enable	the	microstructure	of	yogurt	gels	
to	be	monitored	without	disturbing	 the	gel	 structure	or	causing	artifacts.	Specific	
components	of	gels,	such	as	protein,	fat,	and	(live	or	dead)	bacteria,	can	be	identified	
using	specific	fluorescent	probes.

15.4.4  color

Although	 color	 is	 not	 as	 important	 an	 attribute	 of	 yogurt	 as	 texture,	 it	 has	 been	
measured	for	some	specific	purposes.	For	example,	the	influence	of	color	has	been	
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determined	to	evaluate	its	influence	on	perception	of	other	attributes,	such	as	sweet-
ness	and	flavor,	in	new	products	(Calvo	et	al.,	2001).	The	effect	of	adding	fiber	on	the	
final	color	and	acceptability	of	yogurt	has	also	been	studied	(Staffolo	et	al.,	2004;	
Hashim	et	al.,	2009).	In	many	market	studies,	especially	when	the	acceptance	of	a	
new	product	is	evaluated,	color	is	usually	measured	because	it	is	a	parameter	con-
sidered	very	positively	by	the	consumer.	Color	is	measured	by	colorimetry,	and	the	
parameters	determined	are	in	accordance	with	the	CIELAB	system,	the	lightness,	
L*,	redness,	a*,	yellowness,	b*	coefficients.

New	 information	 processing	 techniques	 like	 artificial	 neural	 network	 (ANN)	
modeling	are	being	increasingly	applied	to	food	analysis,	as	they	are	nondestructive	
and	permit	the	control	of	product	continuously	along	shelf	life.	In	fact,	color	is	an	
influential	attribute	of	visual	information	and	a	powerful	descriptor	of	measurement	
in	image	analysis	for	food	products	(Sofu	and	Ekinci,	2007).	The	first	application	of	
ANN	to	evaluate	yogurt	quality	was	performed	by	digital	image	processing	using	a	
machine	vision	system	to	determine	color	changes	during	storage	(Sofu	and	Ekinci,	
2007).	The	data	obtained	were	modeled	with	an	ANN	for	prediction	of	yogurt	shelf	
life	with	good	results.	The	use	of	ANN	may	provide	an	inexpensive	and	easy	tech-
nique	for	evaluation	of	yogurt	quality	parameters,	and	is	proposed	as	an	alternative	
method	to	control	the	expiration	date,	estimate	the	shelf	life	of	yogurt,	and	ensure	
the	safety	of	the	product.

15.4.5  water-holding caPacity

Whey	separation,	which	refers	to	the	appearance	of	liquid	(whey)	on	the	surface	of	
a	milk	gel,	 is	a	common	defect	in	fermented	milk	products.	Whey	separation	can	
occur	 if	 the	gel	network	 is	damaged	or	 if	 the	gel	undergoes	substantial	structural	
rearrangement.	Spontaneous	syneresis	(the	contraction	of	the	gel	without	the	appli-
cation	of	any	external	force,	e.g.,	centrifugation),	is	the	usual	cause	of	whey	separa-
tion	(Lucey	and	Singh,	1998).	The	amount	of	expulsed	whey	is	inversely	related	to	
the	water-holding	capacity	(WHC)	of	the	gel.	The	percentage	(w/w)	of	concentrated	
yogurt	obtained	after	static	or	dynamic	drainage	is	often	used	in	literature	to	define	
the	WHC.	Yogurt	WHC	depends	mainly	on	the	total	milk	solids	content	and	can	
be	determined	by	permeability	or	drainage	tests.	Drainage	is	the	most	widely	used	
technique	and	can	be	static	or	dynamic,	by	meshing	or	centrifugation	(Staffolo	et	al.,	
2004).	It	is	necessary	to	consider	that	centrifugation	tests	can	give	results	that	are	not	
relevant	to	syneresis	under	normal	storage	conditions,	though	the	mechanical	stabil-
ity	of	the	yogurt	protein	network	under	g-forces	is	tested	much	more	extensively	than	
those	under	normal	storage	(Sodini	et	al.,	2004).

15.5  PHYSICAL PROPERTIES OF CHEESE

Cheese	is	a	milk	product	that	is	consumed	around	the	world,	with	a	great	number	
of	different	varieties.	 In	general,	cheese	 is	produced	by	coagulation	of	casein,	
drainage	of	whey,	and	in	most	cases,	a	final	stage	of	maturation.	This	maturation	
occurs	 during	 a	 certain	 period	 of	 time	 and	 under	 specific	 conditions	 accord-
ing	 to	 each	 type	 of	 cheese.	 Although	 there	 are	 many	 common	 features	 to	 all	
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cheeses,	the	origin	and	characteristics	of	milk,	the	manufacturing	process,	and	
the	maturation	conditions,	result	in	the	great	differences	in	appearance,	texture,	
and	flavor	of	the	various	cheese	types.	Control	of	some	steps	in	cheese	manufac-
turing	and	of	certain	characteristics	of	quality	can	be	performed	by	measuring	
its	physical	properties.

15.5.1  Milk coagulation: deterMination oF curd Setting

Milk	gels	are	produced	in	both	cheese	and	yogurt	manufacturing.	Gel	formation	 is	
produced	by	coagulation	of	milk	that	may	be	induced	by	enzymes,	acidification,	or	
heat	treatment,	or	by	a	combination	of	them.	The	visual	appearance,	microstructure,	
and	rheological	properties	of	milk	gels	are	important	physical	attributes	that	contrib-
ute	to	the	sensorial	and	functional	characteristics	of	the	final	product	(Lucey,	2002).	
Control	of	milk	coagulation	on	the	production	line	has	been	attempted	by	different	
methods	to	determine	the	optimum	time	for	gel	cutting.	This	point	is	critical	for	cheese	
yield	and	quality	of	the	final	product	at	big-scale	industrial	manufacturing	facilities	
(Bakkali	et	al,	2001).	Methods	assayed	to	determine	the	time	for	gel	cutting	are	numer-
ous	and	based	on	different	principles;	Lucey	(2002)	contains	a	very	good	review	of	
them.	Among	the	on-line	techniques	developed	to	determine	the	optimum	firmness	
of	milk	coagulum	are	viscosity,	turbidity,	thromboelastography	(known	commercially	
as	Formagraph),	electrical	conductivity,	diffuse	reflectance,	dynamic	light	scattering,	
vibrational	 viscometry,	 oscillatory	 rheometry,	 near-infrared	 spectroscopy,	 thermal	
conductivity,	 refractometry,	diffusing	wave	 spectroscopy,	microscopy,	 electroacous-
tics,	fluorescence	spectroscopy,	dark	field	microscopy,	and	low-	and	high-frequency	
ultrasound	 (Lucey,	 2002).	 Few	 of	 these	 techniques	 are	 industrially	 applied	 at	 this	
moment,	and	the	factories	still	operate	on	standard	time	schedules	or	on	the	decision	
of	experienced	cheese	makers	assessed	by	empirical	 tests.	The	application	of	 these	
techniques	in	the	industry	is	difficult	because	of	technical	problems,	such	as	the	proce-
dure	to	include	sensors	on	the	production	line,	the	maintenance	of	clean	and	operative	
devices,	and	the	requirement	to	frequently	readjust	the	sensors	to	the	different	condi-
tions	of	cheese	processing	and	variation	of	milk	composition.

Different	approaches	have	been	used	to	measure	some	parameters	in	order	to	follow	
cheese	production.	As	an	example,	image	texture	analysis	has	been	used	to	monitor	
syneresis	with	the	final	objective	of	introducing	this	technique	as	a	rapid,	consistent,	
and	nondestructive	method	 to	 control	on-line	 cheese	manufacturing	 (Fagan	et	 al.,	
2008).	In	this	study,	images	of	the	surface	of	the	stirred	curd–whey	mixture	were	cap-
tured	using	a	computer	vision	system	during	syneresis	and	subjected	to	image	texture	
analysis.	Multiscale	analysis	techniques	of	fractal	dimension	and	wavelet	transform	
were	shown	to	be	the	most	useful	methods	for	predicting	syneresis	indices.

The	 monitoring	 of	 curd	 moisture	 content	 during	 syneresis	 has	 also	 been	 per-
formed	using	an	image	capture	system	mounted	at	a	sight	glass	on	a	wall	of	a	cheese	
vat,	 in	conjunction	with	four	different	 image	processing	 techniques	 (Mateo	et	al.,	
2010).	These	authors	showed	that	the	threshold	technique,	based	on	discrimination	
according	to	a	reference	 intensity,	was	 the	simplest	and	fastest	 technique	of	 those	
evaluated.	Industrial	application	of	 this	 technique	would	still	 require	 the	develop-
ment	of	a	special	camera	to	be	included	on	the	production	line.
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15.5.2  textural and rheological ProPertieS

The	rheological	properties	of	cheese	are	those	that	determine	its	response	to	stress	or	
strain,	as	applied	during	compression,	shearing,	or	cutting.	These	properties	affect	the	
handling	of	cheese,	eating	quality,	use	as	an	ingredient,	ability	to	maintain	its	shape,	
and	capacity	to	form	eyes	or	cracks	or	to	swell	(O’Callaghan	and	Guinee,	2004).

Texture	 is	one	of	 the	most	 important	quality	attributes	of	cheese	for	consumer	
acceptance	of	the	product.	Many	instrumental	techniques,	such	as	small-strain	meth-
ods	(transient	and	dynamic	oscillation)	and	large-strain	tests	(texture	profile	analysis,	
uniaxial	 compression,	 cone	 penetration,	 puncture,	 torsion,	 bending	 test,	 and	 wire	
cutting	test),	are	used	to	measure	the	physical	properties	of	cheese	and	are	related	
to	some	extent	to	sensory	attributes	(O’Callaghan	and	Guinee,	2004;	Truong	et	al,	
2002).	Large-strain	(fracture)	techniques	break	down	the	gel	network;	therefore,	the	
properties	measured	are	more	related	to	the	mastication	process	and	sensory	texture.	
Meanwhile,	small-strain	techniques	allow	investigation	of	the	network	without	dis-
rupting	structure	(Bowland	and	Foegeding,	2001).

Texture	profile	analysis	(TPA)	has	been	widely	applied	to	study	cheese	 texture	
(Bourne,	2002;	Lobato-Calleros,	2007).	Lobato-Calleros	(2007)	describes	an	exam-
ple	of	conditions	used	to	determine	the	texture	profile	of	cheese	in	a	texturometer	
as	follows:	cheese	cylinders	(1	cm	in	diameter	by	1	cm	in	height)	were	taken	from	
the	central	part	of	a	cheese	piece	using	a	borer	and	a	sharp	knife.	Each	sample	was	
compressed	50%,	using	two	compression	cycles	at	a	constant	crosshead	velocity	of	2	
mm/s	(after	being	at	20°C	for	4	hours).	Mechanical	primary	characteristics	of	hard-
ness,	springiness,	adhesiveness,	and	cohesiveness	were	selected	from	the	two	succes-
sive	uniaxial	compression	cycles	of	TPA.	The	secondary	characteristic	of	chewiness	
(hardness	×	cohesiveness	×	springiness)	was	also	estimated.

The	 main	 four	 rheological	 parameters	 (firmness,	 fracturability,	 elasticity,	 and	
cohesiveness)	were	defined	for	cheese	by	the	International	Dairy	Federation	(1991).	
Firmness	is	the	force	required	to	attain	a	given	deformation;	fracturability	expresses	
the	force	at	which	the	material	fractures;	elasticity	or	springiness	is	defined	as	the	rate	
at	which	a	deformed	material	returns	to	its	undeformed	condition	after	the	deform-
ing	force	is	removed;	and	finally,	cohesiveness	is	defined	as	the	quantity	simulating	
the	strength	of	the	internal	bonds	making	up	the	body	of	the	product.

Bowland	 and	 Foegeding	 (1999)	 investigated	 factors	 determining	 large-strain	
(fracture)	rheological	properties	on	a	model	processed	cheese.	The	properties	deter-
mined	by	torsional	analysis	were	fracture	or	shear	stress	(force/area	at	fracture),	frac-
ture	or	shear	strain	(degree	of	deformation	at	fracture),	fracture	modulus	(fracture	
stress/fracture	strain),	and	slope	ratio	(a	measure	of	the	nonlinearity	of	the	stress–
strain	curve).	Fracture	stress	and	strain	have	been	shown	to	correlate	with	sensory	
textural	properties	of	natural	and	processed	cheese.	The	same	authors	studied	pro-
cessed	cheese	by	small-strain	 techniques	using	oscillatory	analysis	 (Bowland	and	
Foegeding,	2001)	and	showed	that	the	results	obtained	by	these	techniques	provided	
indicators	of	the	organization	of	the	gel	network	responsible	for	fracture	properties	
they	had	previously	obtained.

The	vane	method	has	been	investigated	to	measure	the	texture	of	Cheddar	cheese	
in	 comparison	 with	 TPA	 and	 compression	 tests	 (Truong	 et	 al.,	 2002).	 The	 shear	
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stress	and	deformation	obtained	using	the	vane	method	were	lower	than	the	shear	
stress	and	strain	values	obtained	from	other	 large-strain	methods	such	as	 torsion.	
However,	 the	texture	maps	constructed	by	plotting	vane	shear	stress	and	apparent	
strain	at	failure	described	the	texture	of	natural	and	processed	cheeses	in	a	similar	
manner	to	stress–strain	plots	from	torsion	analysis	(Truong	and	Daubert,	2001).	The	
vane	method	offers	the	following	advantages	over	torsion	and	compression:	ability	to	
analyze	cheeses	too	weak	to	withstand	sample	preparation	for	torsion	and	compres-
sion	tests,	minimal	destruction	of	sample	structure	during	loading,	and	simplicity.	
Furthermore,	 cheese	 firmness	 and	 cohesiveness	 evaluated	 by	 sensory	 panel	 were	
well	predicted,	respectively,	by	vane	stress	and	apparent	strain.

15.5.3  textural ProPertieS oF SPecial cheeSeS: Meltability

Meltability	 is	 an	 important	 characteristic	 of	 some	 cheeses,	 such	 as	 mozzarella,	
because	 of	 its	 application	 as	 a	 topping	 and	 ingredient	 of	 some	 food	 products.	
Meltability	may	be	defined	as	the	ease	with	cheese	flows	or	spreads	upon	heating;	
it	has	been	measured	traditionally	by	two	empirical	methods:	Arnott	and	Schreiber	
tests	(Wang	and	Sun,	2002a).	Both	methods	are	performed	by	heating	cylindrical	
samples	of	a	certain	diameter	and	 thickness	under	predefined	cooking	conditions	
of	 temperature	and	 time.	Under	 those	conditions,	 the	 increase	 in	cheese	area	and	
decrease	in	thickness	of	cheese	discs	after	cooking	are	used	to	determine	the	melt-
ability	index	in	each	of	the	tests.

The	Schreiber	test	was	modified	by	Muthukumarappan	et	al.	(1999)	by	changing	
some	conditions	and	using	the	spread	area	measured	by	a	computer	imaging	system,	
equipped	with	a	 camera,	 thus	avoiding	 the	problems	derived	 from	measuring	 the	
irregular	shape	of	melted	cheese.

Meltability	 of	 cheese	 has	 been	 also	 analyzed	 by	 dynamic	 rheological	 anal-
ysis	 in	 a	 rheometer	 with	 parallel	 plate	 geometry	 by	 a	 dynamic	 stress	 sweep	 test	
(Sutheerawattananonda	and	Bastian,	1998),	and	also	by	helical	viscometry	(Kindstedt	
and	Kiely,	1992).	 In	both	studies,	 it	has	been	shown	that	 the	viscoelasticity	 index	
based	on	viscoelastic	parameters	could	be	used	for	predicting	cheese	meltability.

Computer	vision–based	methods	have	been	increasingly	applied	to	agricultural	
and	food	industry	analysis.	Thus,	a	novel	noncontact	method	using	a	computer	vision	
system	was	developed	to	investigate	the	melting	properties	of	Cheddar	and	mozza-
rella	cheese,	with	results	that	prove	it	as	an	objective,	efficient,	and	accurate	method	
(Wang	and	Sun,	2001,	2002b).

15.5.4  MicroStructure, Structure, and aPPearance

The	acceptance	of	a	cheese	product	by	consumers	depends	on	its	appearance,	flavor,	
and	texture,	characteristics	that	are	the	result	of	a	complex	combination	of	microbio-
logical,	biochemical,	and	technological	processes.	These	processes	affect	the	micro-
structure	in	a	direct	or	an	indirect	manner	(Pereira	et	al.,	2009).

Light	microscopy	has	been	applied	to	study	the	microstructure	of	processed	cheese	
(Bowland	and	Foegeding,	2001).	The	samples	were	frozen	with	liquid	nitrogen	and,	
after	being	fixed,	stained	with	protein-	and	lipid-specific	stains.	The	color	was	then	
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analyzed	by	image	processing	techniques	to	clearly	separate	the	two	phases.	Color	
images	were	converted	to	L*a*b*	images	consisting	of	three	channels:	luminance,	or	
lightness	(L),	the	chromatic	component	a,	which	ranges	from	green	to	magenta,	and	
the	chromatic	component	b,	which	ranges	from	blue	to	yellow.	Results	showed	that	
the	distribution	and	size	of	lipid	particles	and	their	relation	to	the	protein	network	
determine	some	rheological	parameters.

Transmission	electron	microscopy	has	also	been	used	to	study	the	effect	of	dif-
ferent	preliminary	treatments	of	milk	on	cheese	microstructure.	Thus,	the	effect	of	
using	high	dynamic	pressure-treated	milk	on	cheese	texture	is	revealed	by	observa-
tion	of	a	casein	matrix	 that	 is	very	compact	and	regular	compared	with	 the	same	
cheese	produced	with	pasteurized	milk	(Kheadr	et	al.,	2002)	(Figure 15.9).

Scanning	electron	microscopy	has	also	been	applied	to	study	cheese	and	permits	
observation	of	the	compactness	of	the	structure,	and	the	relationships	among	the	dif-
ferent	components	of	cheese:	the	protein	network	of	casein	fibers	and	the	distribution	
of	fat	globules	in	this	protein	matrix.	This	is	a	very	useful	technique	to	analyze	the	
quality	of	products	obtained	when	elaborating	cheese	in	which	milk	fat	is	partially	
or	totally	replaced	by	whey	protein	concentrates	and	vegetal	oils.	Differences	in	the	
microstructure	of	cheese	are	reflected	in	different	textural	characteristics	(Lobato-
Caballeros,	2007)	(Figure 15.10).

Another	optical	method	 that	 has	been	used	very	 extensively	 in	 recent	years	 is	
CSLM.	 This	 technique	 has	 been	 applied	 to	 analyze	 the	 microstructure	 of	 cheese	

(a) (b)
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f

FIGURE 15.9  TM	micrographs	of	pasteurized	(a)	and	pressurized	(b)	whole	milk.	Casein	
micelle	(cm),	fat	globule	(f),	casein-fat	complex	(cfc).	Bars	represent	200	nm.	(From	Kheadr,	
E.E.,	J.F.	Vachon,	P.	Paquin,	and	I.	Fliss.	2002.	Effect	of	dynamic	high	pressure	on	micro-
biological,	 rheological	 and	 microstructural	 quality	 of	 Cheddar	 cheese.	 International 
Dairy Journal	 12:	 435–446.	 Reprinted	 with	 permission	 from	 Elsevier,	 License	 number	
2637781114860,	dated	March	28,	2011.)
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after	staining	with	Nile	blue	A,	observing	alternately	protein	and	fat	phases	by	excit-
ing	at	568	nm	and	488	nm,	respectively	(Capellas	et	al.,	2001).

Food	structure	and	physical	state	can	be	related	to	parameters	determined	by	ultra-
sonic	analysis.	The	three	parameters	that	are	measured	most	frequently	in	ultrasonic	
analysis	applied	to	foods	are	ultrasonic	velocity,	attenuation	coefficient,	and	acoustic	
impedance.	The	advantage	of	these	methods	is	that	they	are	nondestructive	and	can	
be	applied	on-line	in	some	technological	processes	(McClements,	1995).	Ultrasound	
measurement	has	been	used	to	monitor	the	structural	quality	of	Swiss	cheese	by	using	
a	 single-transducer	 2-MHz	 longitudinal	 mode	 pulse-echo	 setup	 (Eskelinen	 et	 al.,	
2007)	(Figure 15.11).	The	volumetric	ultrasonic	image	of	a	cheese	sample	allows	char-
acterization	of	gas	holes	(cheese	eyes).	These	holes	are	the	result	of	the	biochemical	
activity	of	propionic	bacteria,	which	involves	lactate	fermentation	and	production	of	
C02,	or	due	to	some	defects	(cracks).	Normally,	the	evaluation	of	hole	formation	in	the	
ripening	of	Swiss	cheese	is	made	by	measuring	the	cheese	height	and	by	analyzing	a	
cheese	sample.	The	units	of	cheese	that	have	been	subjected	to	sample	extraction	can-
not	reach	complete	maturation	and	have	to	be	processed	for	other	proposes,	losing	its	
whole	economical	value.	Therefore,	 the	application	of	nondestructive	 techniques	 to	
evaluate	the	quality	of	Swiss-type	cheese	would	be	very	valuable	to	facilitate	quality	
control	and	also	for	economic	interests,	as	its	quality,	commercial	value,	and	accept-
ability	are	greatly	affected	by	eye	structure	and	pattern.

The	inner	structure	of	Swiss-type	cheeses	has	also	been	analyzed	by	magnetic	
resonance	imaging	(MRI)	(Rosenberg	et	al.,	1992)	as	a	nondestructive	method	for	
the	 evaluation	 of	 eye	 formation	 and	 development	 during	 the	 ripening	 of	 cheese.	
Although	it	appears	to	be	quite	an	expensive	method,	the	resolution	needed	is	not	
as	high	as	in	medical	applications;	consequently,	the	equipment	is	less	sophisticated	
and	less	costly.

FIGURE  15.10  SME	 micrographs	 of	 full-fat	 control	 cheese	 with	 milk	 fat	 only	 (MF1.0):	
(a)	protein	network,	(b)	milk	fat	globule,	(f)	integrated	in	the	protein	matrix	in	whose	sur-
face	 casein	 micelles	 (dark	 arrows)	 were	 adsorbed.	 (From	 Lobato-Calleros,	 C.,	 J.	 Reyes-
Hernández,	C.I.	Beristain,	Y.	Hornelas-Uribe,	J.E.	Sánchez-García,	and	E.J.	Vernon-Carter.	
2007.	Microstructure	and	texture	of	white	fresh	cheese	made	with	canola	oil	and	whey	pro-
tein	concentrate	in	partial	or	total	replacement	of	milk	fat.	Food Research International	40:	
529–537.	Reprinted	with	permission	from	Elsevier,	License	number	2637840162340,	dated	
March	28,	2011.)



384 Physical Properties of Foods

Ultrasounds	have	also	been	used	to	estimate	the	maturity	of	Cheddar	and	Mahon	
cheeses	by	determining	moisture	content	and	it	has	been	shown	that	ultrasound	veloc-
ity	increases	with	cheese	maturation	and	is	related	to	textural	properties	(Benedito	
et	al.,	2000a,	2000b).

Other	specific	problems	in	cheese,	such	as	crystalline	specks	and	haze	on	the	
surface	 of	 Cheddar	 have	 been	 studied	 by	 optical	 methods.	 This	 appearance	 is	
caused	by	calcium	lactate	crystals	and	is	considered	a	quality	defect	because	con-
sumers	mistake	 them	 for	 spoilage	microorganisms.	Calcium	 lactate	 crystals	 are	
believed	to	form	when	the	serum	phase	of	the	cheese	becomes	supersaturated	with	
calcium	and	lactate	ions,	followed	by	the	nucleation	of	calcium	lactate	crystals	and	
formation	of	larger	aggregates	(Rajbhandari	and	Kindstedt,	2005,	2008).	Digital	
photography	combined	with	image	analysis	has	been	used	to	develop	an	objective	
method	to	measure	the	area	occupied	by	calcium	lactate	crystals	and	its	growth	
on	surfaces	of	naturally	smoked	Cheddar	cheese.	This	analysis	allows	correlation	
of	data	obtained	 from	processing	and	 storage	conditions,	 and	 the	application	of	
measures	to	avoid	the	problem.

15.5.5  other PhySical ProPertieS

Water	 retention	 capacity	 is	 an	 important	 aspect	 of	 quality	 and	 yield	 of	 fresh	
cheese	 and	 is	 useful	 when	 changing	 certain	 conditions	 of	 cheese	 processing.	
Water	 retention	 capacity	 is	 estimated	 by	 measuring	 whey	 loss,	 mainly	 by	 two	
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FIGURE 15.11  Ultrasonic	 reflections	 (1	MHz,	100	 times	averaged)	 from	different	struc-
tural	elements	found	in	two	Swiss	cheese	samples	(20	cm	×	10	cm	×	10	cm).	Dotted	circles	
and	 arrows	 indicate	 the	 measured	 structural	 elements	 and	 their	 corresponding	 radio-fre-
quency	 signals.	 Characteristic	 signals	 from	 a	 crack	 (I)	 and	 an	 eye	 (II)	 in	 a	 12-month-old	
sample	 (left).	Whey	nest	 structure	 (III)	 in	a	4-month-old	sample	 (right).	 (From	Eskelinen,	
J.J.,	A.P.	Alavuotunki,	E.	Hæggstro,	and	T.	Alatossava.	2007.	Preliminary	study	of	ultrasonic	
structural	quality	 control	of	Swiss-type	cheese.	Journal of Dairy Science	 90:	4071–4077.	
Reprinted	with	permission	from	Elsevier,	License	number	2637790559364,	dated	March	28,	
2011.)
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methods:	gravity	 loss	and	centrifugation.	Capellas	et	al.	 (2001)	used	 these	 two	
methods	 to	estimate	 the	effect	of	high-pressure	 treatment	of	milk	on	 the	whey	
loss	in	fresh	goat	cheese.	They	found	that	although	the	gravity	method	gave	very	
variable	results,	it	was	more	similar	to	real	conditions	of	storage.	However,	the	
centrifugation	method	showed	lower	variability,	but	could	change	the	behavior	of	
cheese,	and	results	might	be	more	difficult	to	interpret.	Color	was	also	measured	
in	the	work	by	Capellas	et	al.	(2001)	to	evaluate	the	impact	of	high	pressure	on	
cheese	color.	They	measured	color	by	colorimetry	using	 the	CIELAB	scale	 to	
calculate	 total	color	difference	and	found	more	changes	on	 the	surface	 than	 in	
the	inner	part	of	the	cheese.

15.6  PHYSICAL PROPERTIES OF ICE CREAM

Ice	cream	and	related	aerated	frozen	desserts	are	complex	colloidal	systems	consist-
ing,	in	their	frozen	state,	of	ice	crystals,	air	bubbles,	partially	coalesced	fat	globules,	
and	aggregates,	all	in	discrete	phases	surrounded	by	an	unfrozen	continuous	matrix	
of	sugars,	proteins,	salts,	polysaccharides,	and	water.	The	relative	amount	of	these	
four	phases	and	the	interactions	among	them	determine	the	properties	of	ice	cream,	
whether	soft	and	whippy	or	hard	(Goff,	2002).

From	the	physical	point	of	view,	ice	cream	is	both	a	foam	and	an	emulsion,	made	
up	of	a	dispersion	of	small	particles	(<0.5mm)	of	one	phase	into	another.	The	air	in	
the	ice	cream	does	not	mix	with	the	other	substances	and	forms	small	bubbles	in	the	
bulk	(defined	as	foam).	Ice	cream	is	also	considered	an	emulsion	because	the	milk	
cream	is	dispersed	in	the	ice	water.	Colloidal	aspects	play	an	important	role	in	this	
structure	formation,	such	as	interactions	between	proteins	and	emulsifiers	at	the	fat	
interface,	fat–fat	partial	coalescence,	and	interactions	between	proteins	and	partially	
coalesced	fat	at	the	air	interface	(Goff,	1997).

The	quality	of	ice	cream	is	characterized	in	part	by	a	smooth,	creamy	texture.	An	
icy	defect	caused	by	large	ice	crystals	develops	at	constant	and	especially	fluctuating	
temperatures	 through	a	process	known	as	recrystallization.	Depending	on	storage	
time,	temperature,	and	the	presence	of	other	solutes	in	ice	cream,	small	ice	crystals	
disappear	as	larger	ice	crystals	grow,	which	is	an	undesirable	quality	attribute.	The	
function	of	using	stabilizers	 in	 ice	cream	mix	 is	 to	slow	down	ice	crystal	growth	
(Patmore	et	al.,	2003).

15.6.1  MicroStructure

The	microstructure	of	ice	crystals	and	air	bubbles	is	critical	to	ice	cream’s	quality	
and	sensorial	properties.	 Ice	cream	 is	 inherently	unstable,	and	 temperature	varia-
tions	during	transport,	storage,	or	even	at	home	can	destroy	the	microstructure	of	
small	ice	crystals,	leading	to	recrystallization	and	to	the	development	of	a	coarser	
structure	(Patel	et	al.,	2006).

Three	types	of	microscopic	techniques	are	currently	used	to	study	the	structure	
of	 frozen	 foods:	 destructive	 methods,	 indirect	 methods,	 and	 direct	 methods.	 The	
first	method	is	based	on	the	optical	observation	of	a	sample	mixed	with	a	suitable	
medium	 for	 dispersing	 the	 observed	 phase	 and	 dissolving	 the	 other	 phases.	 The	
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second	method,	performed	by	electron	microscopy,	only	partially	destroys	the	sam-
ple	by	cryo-substitution,	cryo-fixation,	 freeze-etching,	or	 freeze-drying.	The	 third	
method	 is	 based	 on	 photonic	 microscopy	 with	 coaxial	 lighting	 and	 allows	 direct	
observation	 of	 the	 sample	 in	 its	 native	 state	 at	 cold	 temperature.	 Compared	 with	
electron	microscopy,	the	third	method	has	the	advantage	of	preserving	the	original	
texture	of	the	frozen	sample	and	having	a	low	running	cost.	Although	it	shows	lower	
magnification,	 the	 results	 are	 comparable	 with	 the	 classical	 methods	 of	 electron	
microscopy,	as	shown	in	Figure 15.12	(Faydi	et	al.,	2001;	Caillet	et	al.,	2003).

Light	microscopy	has	been	used	 to	determine	 the	mean	 ice	crystal	 size.	Thus,	
Patel	et	al.	(2006)	determined	the	ice	crystal	sizes	at	−18°C	by	measuring	each	crys-
tal	at	its	widest	point	by	light	microscopy.	Patel	et	al.	studied	the	influence	on	ice	
crystal	formation,	and	consequently	the	texture	of	ice	cream,	of	the	addition	(per-
centage	and	type)	of	proteins	and	processing	conditions.

The	whipping	of	ice	cream	in	the	manufacturing	process	is	very	important	for	the	
texture	and	quality	perception	of	the	final	product.	In	a	study	by	Chang	and	Hartel	
(2002),	air	cell	size	distribution	in	ice	cream	was	measured	quantitatively	with	two	
techniques,	cryo-SEM	and	optical	microscopy,	and	image	analysis	was	applied	to	
images	 obtained	 from	 both.	 Only	 slight	 differences	 were	 found	 between	 the	 two	
techniques,	indicating	that	the	optical	microscope	method	gives	sufficiently	accurate	
results	 for	air	cell	measurement,	 though	obviously	much	greater	detail	of	 the	fine	
structure	in	ice	cream	was	observed	using	cryo-SEM	(Figure 15.13).	The	effect	of	
stabilizers	that	protect	against	recrystallization	when	ice	cream	is	subjected	to	ther-
mal	fluctuations	has	been	also	studied	by	cryo-SEM	and	the	measurement	of	crystal	
size	performed	by	image	analysis	(Flores	and	Goff,	1999).

Continuous
phase

Ice crystal

Fat globule

Air bubble

FIGURE  15.12  Structure	 of	 ice	 cream	 observed	 by	 direct	 microscopy	 method.	 ε	 =	 0.4;	
Tf	=	−5°C;	Th	=	−20°C;	X	=	100.	 (From	Caillet,	A.,	C.	Cogné,	J.	Andrieu,	P.	Laurent,	and	
A.	Rivoire,	A.	2003.	Characterization	of	ice	cream	structure	by	direct	optical	microscopy.	
Influence	of	freezing	parameters.	Lebensmittel-Wissenschaft und-Technologie	36:	743–749.	
Reprinted	with	permission	from	Elsevier,	License	number	2637861470927,	dated,	March	28,	
2011.)
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Regand	and	Goff	(2003)	studied	fluorescence	microscopy	to	analyze	the	effect	of	
adding	different	hydrocolloid	stabilizers	labeled	with	rhodamine	in	recrystallization	
processes	in	ice	cream	after	temperature	fluctuations.

Some	other	parameters	related	to	microstructure,	such	as	particle	size	distribution	
of	the	mix	samples	of	ice	cream,	have	been	studied	by	dynamic	light	scattering.	This	
measurement	is	essential	to	evaluate	the	effect	on	the	rheological	parameters	of	ice	
cream	of	applying	different	homogenization	pressures	on	the	mix	before	and	after	
freezing	(Innocente	et	al.	2008;	Sung	and	Goff,	2010).

15.6.2  therMal ProPertieS

The	knowledge	of	the	thermal	properties	of	ice	cream	involved	in	its	manufacturing	
process	is	essential	for	estimating	freezing	times	and	also	for	simulating	temperature	
variations	through	the	product	during	the	freezing	and	storage	periods.	The	most	widely	
used	methods	to	determine	thermal	properties	of	ice	cream	are	calorimetry,	conductiv-
ity	measurement,	thermal	mechanical	analysis,	and	meltdown	(Clarke,	2004).

The	heat	capacity,	freezing	point	curve,	and	the	ice	curve	can	be	determined	by	
calorimetry.	As	an	example	of	a	calorimetric	analysis	of	ice	cream,	in	the	study	by	
Alvarez	et	al.	(2005),	ice	cream	samples	were	subjected	to	cooling	to	−50°C,	held	
isothermally	for	5	minutes,	and	heated	at	a	rate	of	5°C	per	minute	to	50°C.	Data	col-
lected	for	each	mix	included	the	onset	melting	temperature,	temperatures	at	initial	
and	final	deviations	from	baseline,	peak	area,	and	enthalpy	(Figure 15.14).

Thermal	conductivity	 is	affected	by	 two	factors:	 temperature	 (as	conductivity	of	
ice	is	four	times	higher	than	that	of	water)	and	apparent	density,	which	depends	on	

80 μm 250×

80 μm

FIGURE 15.13  Comparison	of	air	cells	in	ice	cream	taken	at	the	draw	of	the	continuous	
freezer,	as	obtained	by	SEM	(left	figure)	and	by	optical	light	microscopy	(right	figure).	(From	
Chang,	Y.,	 and	R.W.	Hartel.	 2002.	Measurements	of	 air	 cell	 distributions	 in	dairy	 foams.	
International Dairy Journal	12:463–472.	Reprinted	with	permission	from	Elsevier,	License	
number	2637790224660,	dated,	March	28,	2011.)
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air	 insulation	 in	 the	mix	 (Cogné	et	 al.,	 2003b).	 In	order	 to	model	 the	heat	 transfer	
phenomena	that	take	place	during	ice	cream	freezing,	predictive	correlations	of	the	ice	
cream’s	thermophysical	properties	as	a	function	of	temperature	have	been	carried	out,	
in	particular,	specific	enthalpy	and	thermal	conductivity	(Cogné	et	al.,	2003a,	2003b).

The	glass	transition	temperature	of	ice	cream	depends	on	the	composition	of	the	
matrix	 and	 is	 measured	 by	 thermal	 mechanical	 analysis	 (change	 of	 a	 dimension	
when	subjected	to	a	temperature	regime)	in	an	unaerated	frozen	product.	The	glass	
transition	temperature	is	indicated	by	a	change	in	the	rate	of	expansion,	which	takes	
place	at	about	−30°C	for	a	typical	ice	cream.

The	meltdown	test	measures	the	capacity	of	the	ice	cream	to	resist	melting	when	
exposed	to	warm	temperatures	during	a	certain	period	of	time.	The	meltdown	test	of	
ice	cream	is	an	empirical	method	that	reflects	the	influence	of	several	factors,	such	
as	 formulation	and	microstructure	due	 to	 fat	 agglomeration	and	air	 incorporation	
(Bolliger	et	al.,	2000;	Sofjan	and	Hartel,	2004).

15.6.3  textural and rheological ProPertieS

The	first	studies	on	 the	rheological	behavior	of	 frozen	 ice	cream	with	varying	fat	
content,	temperature,	and	overrun	were	performed	by	Shama	and	Sherman	(1966)	
using	compression-type	creep	experiments	and	showing	that	ice	cream	behaved	in	a	
viscoelastic	manner.

1.0

0.5

0.0

–0.5

Endothermic
peaks

H
ea

t F
lo

w
 (W

/g
)

–1.0

–1.5

–2.0
–60 –40 –20 0

Temperature (°C)

Control
20% MPC-56
20% MPC-85
50% MPC-56
50% MPC-85
Positive control

20 40 60

FIGURE 15.14  Differential	 scanning	 calorimetry	melting	 curves	 for	 ice	 cream	samples.	
(From	Alvarez,	V.B.,	C.L.	Wolters,	Y.	Vodovotz,	and	T.	Ji.	2005.	Physical	properties	of	ice	
cream	containing	milk	protein	concentrates.	Journal of Dairy Science	88:	862–871.	Reprinted	
with	permission	from	Elsevier,	License	number	2637840813482,	dated	March	28,	2011.)



Physical Properties of Dairy Products 389

Traditionally,	 the	firmness	of	 frozen	dairy	products	has	been	determined	by	a	
penetrometer	 test,	which	 is	a	one-dimensional	approach.	However,	measuring	 the	
complex	 nature	 of	 viscoelasticity,	 which	 reflects	 the	 existence	 of	 solid	 and	 fluid	
behaviors,	as	in	the	case	of	ice	cream,	has	become	easier	with	the	use	of	rheometers.	
Goff	et	al.	(1995)	measured	the	rheological	properties	of	ice	cream	mixes	made	with	
and	without	stabilizers	using	a	controlled	stress	rheometer.	They	found	that	stabi-
lized	mixes	exhibited	significantly	greater	storage	and	loss	moduli	at	temperatures	
of	less	than	−8°C.	They	also	reported	that	as	overrun	increased	from	20%	to	60%	in	
the	frozen	product,	tan	δ	decreased	significantly,	confirming	that	air	contributes	to	
the	elasticity	of	the	final	product.

The	ability	of	ice	cream	to	be	dipped	or	scooped	is	a	direct	consequence	of	yield	
stress,	which	 is	defined	as	 the	minimum	stress	 required	 to	produce	flow.	Various	
ice	creams	exhibited	different	degrees	of	 scoopability,	even	when	 ice	was	held	at	
the	same	temperature.	A	vane	tester	was	designed	and	constructed	by	Briggs	et	al.	
(1996)	 and	 used	 to	 measure	 the	 yield	 stress	 of	 the	 ice	 cream	 at	 typical	 scooping	
temperatures	of	−16°C	to	−14°C.	The	vane	method	is	advantageous	for	testing	the	
physical	characteristics	of	frozen	ice	cream	because	it	does	not	destroy	the	product	
structure	during	sample	loading.

Yield	stress	and	frequency	sweep	(rotational)	measurements	have	been	performed	
in	ice	cream	with	a	rheometer	equipped	with	a	cone	to	evaluate	the	addition	of	sta-
bilizers	and	emulsifiers	to	ice	cream	and	its	effect	on	crystal	growth.	Samples	were	
placed	on	a	Peltier	plate	and	the	ram	was	raised	slowly	to	prevent	air	bubbles	under	
the	plate.	Solutions	or	emulsions	were	subjected	on	the	Peltier	plate	to	five	tempera-
ture	cycles	from	−1°C	(held	for	15	min)	to	−15°C	(held	for	15	min)	to	−1°C.	There	
was	no	significant	effect	of	emulsifier	in	either	stabilizer	system,	as	seen	by	similar	
G´	and	G˝	moduli	with	or	without	emulsifier	(Patmore	et	al.,	2003).

The	properties	of	different	formulations	of	ice	creams	were	studied	by	sinusoi-
dal	oscillatory	tests	using	parallel	plate	geometry	(Adapa	et	al.,	2000).	The	results	
showed	 that	 the	amount	of	 fat	 in	 ice	creams	and	 the	degree	of	 fat	destabilization	
affected	the	elasticity	of	the	frozen	product.	Furthermore,	they	found	that	the	addi-
tion	 of	 protein-based	 and	 carbohydrate-based	 fat	 replacers	 increased	 the	 viscous	
properties	of	the	mix,	though	did	not	enhance	the	elastic	properties	of	the	ice	creams.	
All	these	data	contribute	to	determine	a	good	balance	of	milk	fat,	protein,	and	car-
bohydrate	when	producing	lower-fat	ice	creams.

Oscillation	 thermorheometry	 has	 been	 used	 to	 determine	 the	 existence	 of	 the	
different	microstructures	in	ice	cream	that	appear	when	varying	ice	cream	formula-
tions	and	the	impact	of	each	ingredient	function	(i.e.,	fat,	proteins,	and	lipid	emulsi-
fiers),	 and	 their	 interactions	 on	 the	 establishment	 of	 different	 networks	 (Granger,	
2004).	A	stress	rheometer	fitted	with	streaked	parallel	plates	(1	mm	gap)	was	used	in	
this	study.	Before	being	placed	on	the	rheometer,	the	products	were	thermostatically	
controlled	for	2	hours	at	−10°C.	The	results	obtained	demonstrated	 that	 the	rheo-
logical	characteristics	of	ice	creams	were	related	to	the	existence	of	different	micro-
structures	(ice,	dispersed	air,	partially	aggregated	fat	phase,	and	aqueous	phase)	that	
influenced	the	final	texture	either	simultaneously	or	individually	as	a	function	of	the	
temperature	range	considered	(Figure 15.15).
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FIGURE 15.15  Rheological	characteristics,	storage	modulus	(G´)	(a)	and	tand	(b),	of	dif-
ferent	 ice	cream	formulations	as	a	 function	of	 the	 temperature.	 Incomplete	 ice	cream	for-
mulations	without	proteins	 (curve	A),	without	 lipid	emulsifier	 (curve	B),	and	complete	 ice	
cream	 formulation	 (curve	 C).	 The	 curves	 are	 typical	 of	 at	 least	 2	 different	 preparations.	
(From	Granger,	C.,	V.	Langendorff,	N.	Renouf,	P.	Barey,	and	M.	Cansell.	2004.	Impact	of	
formulation	on	ice	cream	microstructures:	An	oscillation	thermo-rheometry	study	Journal 
of Dairy Science	 87:	 810–812.	 Reprinted	 with	 permission	 from	 Elsevier,	 License	 number	
2637860992183,	dated	March	28,	2011.)
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