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(ABSTRACT) 

Ultrasonic techniques were investigated for non-invasive quality evaluation of selected fruits 

and vegetables. An ultrasonic non-destructive evaluation system was developed and used to in- 

vestigate physical and acoustical property changes for the selected fruits and vegetables non- 

invasively. The system included a high power burst pulser, a broadband receiver, a digital storage 

oscilloscope, two pairs of transducers of 250 kHz and 1 MHz, and a microcomputer system, which 

was interfaced with the ultrasonic equipment through a General Purpose Interface Board (GPIB), 

for data acquisition and analysis. Using potatoes and apples, several forms of the acoustic indices 

were investigated using the system. 

Investigation of “Yukon-Gold’ potatoes concentrated on the physical and acoustical property 

changes during the storage period of approximately five months. The tests were conducted at reg- 

ular intervals. Ultrasonic velocity, attenuation coefficient, modulus of elasticity, and tissue density 

were determined for each potato along two different orientations — longitudinal and transverse. 

Three varieties of apples, ‘Golden Delicious’, ‘Red Delicious’, and ‘Granny Smith’, were tested to 

detect their physiological changes with ripeness. The tests were conducted at two different stages 

of ripeness. In each test, ultrasonic velocity, attenuation coefficient, modulus of elasticity, and tis- 

sue density were determined along longitudinal and radial directions of the apples. Frequency 

analysis of the transmitted ultrasonic signals through potato and apple samples was also conducted 

using Fast Fourier Transform (FFT) techniques. | 

The experimental results for the potatoes and apples indicated the measured acoustical and 

physical properties differed along different orientations; i.e., potato and apple tissues are anisotropic 

materials. Apple tissues transmitted much lower frequency components than potato tissues and the



transmitted frequency range was much narrower due to the much higher percentage of intercellular 

void space in apple tissues (24%) than in potato tissues (2%). The ultrasonic measurements were 

able to detect physiological changes and physical heterogeneities in fruit and vegetable tissues. 

Therefore, the ultrasonic technique can be a useful and quick method for evaluating firmness as 

well as textural and rheological property changes during storage of fruits and vegetables. 

Hollow hearts in ‘Atlantic’ potatoes were successfully detected using the ultrasonic non- 

destructive evaluation system at 250 kHz. A objective this work was to develop a quantitative, 

non-invasive method for hollow heart detection in potatoes, and to provide information for de- 

signing evaluation equipment which could serve as an automatic quality control step in the pro- 

duction process. The analysis of the transmitted ultrasonic signals through the potatoes was carried 

out in both time and frequency domains. The results of the investigation of ‘Atlantic’ potatoes 

showed that the waveform of transmitted ultrasonic signals through a hollow heart potato differed 

significantly from that of a normal potato. Further, the defective potatoes could be separated on 

the basis of the amount of ultrasonic power transmitted through a potato. By means of digital 

Fourier analysis, the 0“ spectral moment, Mo, was determined from the power spectral density curve 

of a transmitted ultrasonic signal. The spectral moment represents the amount of ultrasonic power 

transmitted through a tested potato, and was chosen as the basis for quantitative, non-invasive 

method for hollow heart detection, since power transmission of ultrasonic wave was affected by the 

presence of hollow heart in potatoes. Potatoes with hollow heart transmitted much less ultrasonic 

power than normal potatoes — approximately 89% less on average. There was a distinct separation 

between the normal potatoes and hollow heart potatoes. The reliability of this method was con- 

firmed. Among 41 ‘Atlantic’ potatoes tested, all 26 hollow-heart potatoes were identified without 

exception. Therefore, the parameter M, could provide an effective method of analyzing the ultra- 

sonic measurements for quantitative, non-invasive evaluation of hollow hearts in potatoes. This 

non-invasive method could be used to identify internal quality of potatoes that is difficult to eval- 

uate from external appearance. Such a measurement offers promises for the development of 

equipment that would sort potatoes with hollow heart automatically.
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Chapter 1 

Introduction 

Quality evaluation of fresh fruits and vegetables is an important aspect of fruit and vegetable 

production, processing, and handling. High-value fresh agricultural products must be carefully 

handled, from harvesting through cleaning, sorting, packaging and distribution, in order to maintain 

the required high quality standard. In each handling stage, quality must be evaluated by individual 

inspection of appearance of each product, as well as through sampling and destructive testing. 

Quality evaluation of fresh fruits and vegetables can be a complicated operation, whether it is done 

by destructive or non-destructive methods. Fruits and vegetables are characterized by certain 

properties that determine whether or not they will be accepted by consumers. In general, quality 

may be specified in terms of a number of factors or characteristics, such as appearance (size, shape, 

color), texture (firmness, tenderness), flavor (sweetness, acidity, volatility), and proper internal and 

external structures, each of which may be defined and evaluated independently. 

Many methods are available for evaluating the external appearance of a product. These 

methods are used to define size, shape, color, external mechanical damage and disease symptoms. 

For internal quality evaluations, such as proper structure and internal damages, etc., it is customary 

to find some indirect link with the external appearance, such as product color, extent of ripeness 
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or other external conditions of the product. However, quality defects such as hollow hearts in po- 

tatoes and watercores in apples exist internally without any external evidence of abnormality. These 

internal quality factors can affect the overall grade of a product, and require a non-destructive test- 

ing technique for their detection. 

Non-destructive testing and evaluation has been used for many years to evaluate engineering 

materials, and many of these methods have been utilized to evaluate the quality of agricultural 

products. The samples that are used to evaluate the quality of a product are not damaged or de- 

stroyed during the non-destructive measurements. Non-destructive testing and evaluation (NDTE) 

commonly involves application of a well-characterized source of energy to a test product. The 

forms of energy that are widely used include light, electromagnetic, mechanical, thermal, x-rays, 

ultraviolet, sonic, and ultrasound. The input energy is applied to a test object and interacts with 

it, and is modified in some unique manner because of the chemical and/or physical characteristics 

of the product. In general, the input energy is reflected, transmitted, absorbed or attenuated, and 

scattered internally by the product. The differences between the input energy and the energy re- 

sponse can be measured and analyzed, which provides a basis for development of empirical relations 

and correlations to predict quality of the product. 

Non-destructive evaluations have several advantages over conventional destructive testing. 

First, the sample population can be increased, possibly to include every item with no loss of prod- 

uct. Second, subjective assessment is replaced with objective measurements so that the results of 

evaluation could be more accurate and consistent. Many of the present methods used to determine 

quality of fruits and vegetables are destructive and slow. There is a demand for developing rapid 

and non-destructive evaluation techniques for the quality of fresh fruits and vegetables which may 

enter the fresh-market channel or be used for processing. Such techniques can be of great value in 

monitoring quality changes during storage or in assigning quality grades to fresh fruits and vegeta- 

bles. Up to the present time, some possible techniques such as light transmission and reflection, 

x-ray analysis, and sonic vibration have been investigated most extensively for non-destructive 

quality evaluation of fresh food materials. 
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Ultrasonic non-destructive testing has been used for many years as a testing tool for various 

materials. Ultrasonic techniques offer very useful and versatile experimental methods for investi- 

gating the physical and mechanical properties of solid materials. Ultrasonic non-destructive testing 

is a way of characterizing materials by transmitting ultrasonic waves (longitudinal waves, shear 

waves, surface waves, etc.) into a material, and studying the characteristics of the transmitted and/or 

reflected ultrasonic waves. Correlations of acoustic measurements with test material properties 

(such as density, porosity, texture, elastic and mechanical properties) establish the basis for non- 

destructive testing by ultrasound. The acoustic measurements include ultrasonic velocities, fre- 

quency dependent ultrasonic attenuation and/or absorption of reflected and transmitted ultrasonic 

signals. In some cases, the velocity information in ultrasonic time domain alone is not enough to 

provide information about test material properties of interest, and an ultrasonic pulse is used with 

an analysis of the resulting frequency spectrum as affected by the material properties. The ultra- 

sonic wave propagating through the material can be used as an internal probe to give indication of 

property changes within the material. Moreover, these changes can be detected at a rate compatible 

with the propagation speed of the waves themselves. Therefore, ultrasonic techniques can be useful 

to investigate the quality of fruits and vegetables since the quality is related to the physical proper- 

ties of the plant tissue of interest, and the use of such techniques offers definite advantages over the 

methods which rely solely on surface observation. 

Ultrasonic non-destructive testing and evaluation of metals in industry and of biological tis- 

sues in medicine is an established and very successful technique. In industry, such techniques are 

used to diagnose internal defects such as voids in welding and castings; whereas, in medicine they 

are used to determine normal and abnormal tissues, internal structure of organs in the human body, 

and the prenatal condition of fetuses. In spite of the wide use and success of these methods in in- 

dustry and medicine, very little has been done to use this technique for quality evaluation of fresh 

food products, especially for fruits and vegetables. Food ultrasonics represents a new area of ap- 

plication, and provides food engineers with a new source of information about the properties of 

food materials being processed. 
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Ultrasonic techniques have been used to determine fat thickness in beef cattle, pork, as well 

as other meat and fish, but have not been used widely for fruits and vegetables. The fruits and 

vegetables are inherently very complex material, in terms of both internal structure and geometric 

shape. Problems encountered in evaluating these food materials using ultrasound are caused by the 

nature of ultrasonic wave propagation in complex, inhomogeneous media and very high attenuation 

properties of the plant materials, which are usually porous and contain air in their tissue. Their 

ultrasonic velocities are low and their attenuation in the frequency range of 1 — 10 MHz 1s very 

high. The potential of ultrasonic non-destructive evaluation of fruits and vegetables has been re- 

cognized for some time (Sarkar and Wolfe, 1983). However, the very high attenuation of 

ultrasound by the plant tissue has limited studies to only thin sliced samples ( < 10 mm) and this 

reduces the accuracy of the ultrasonic measurements. It has been suggested that the scattering of 

ultrasonic energy, including resonant scattering, from the intercellular air space existing in most 

plant tissues is mainly responsible for the high attenuation. High attenuation makes it difficult to 

transmit ultrasound through whole fruits and vegetables and thus makes it difficult to use ultrasonic 

techniques on quality evaluation of fruits and vegetables. The measurements reported so far have 

been confined to the frequency range of 50 kHz — 1 MHz so that there is ultrasonic wave pene- 

tration into the materials, where the attenuation is in the range of 1.0— 10dB/mm. The difficulties 

caused by high attenuation may be overcome by using lower frequencies and by increasing the 

needed power of ultrasound, as long as it is not beyond the limit for cell and tissue damage. 

Therefore, it is necessary to determine the suitable frequency range and required power of ultrasonic 

waves for various agricultural products, to build the appropriate equipment, and to test its potential 

use with tissue samples and whole fruits and vegetables. All these were done in the preliminary 

study of this research. Specific optimum frequency for a given test material and the test objectives 

should be determined. The optimum ultrasonic frequency is the highest acceptable frequency for 

a given material that results in minimum attenuation and maximum resolution. 

Ultrasonic techniques has potential advantages over other techniques including freedom from 

radiation hazards, which may appear in some of the existing non-destructive methods, such as x- 

rays, and ease of automating the food quality detecting system. In addition, sample preparation 
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required for utilizing ultrasonic methods with whole fruits and vegetables might be simpler than 

other methods requiring a sample from the product. Ultrasonic techniques also have the advantage 

of relative low cost, robust probes and associated electronics, a reasonably well-established theory 

between acoustic fields and material properties, indifference to hostile environments, for example 

corrosive or hot materials, and accessibility to materials opaque to light. In general, ultrasonic 

waves are capable of propagating in any medium with the exception of a vacuum, and ultrasonic 

method could be applied to virtually any size or shape of test materials. Investigation of reflected 

or transmitted ultrasonic waves of propagation from a material can provide important information 

about the properties of the material. Therefore, it is possible to evaluate a wide variety of materials 

and processes by ultrasound. And yet, the equipment used in medicine and industry is apparently 

not suitable for examination of fruits and vegetables. Other critical factors regarding the quality 

evaluation operation are penetration depth and resolution. 

Resolution, which is dependent to a large extent on the ultrasonic wave length (and conse- 

quently the frequency), improves at higher frequencies. However, the attenuation of ultrasonic 

signals increases as a function of frequency with a concomitant decrease in penetration depth. 

Therefore, the proper frequency ranges and signal analysis methods for evaluation of the quality 

of fresh agricultural products need to be identified. Many possibilities of ultrasonic non-destructive 

evaluation of fruit quality, fruit structure and its internal defects have been acknowledged in the 

literature survey. The rapid developments of sensors, associated electronics, micro-computers, and 

signal analysis methods have opened new possibilities for application of this simple and non- 

hazardous testing method. 
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Objectives 

The goal of this research was to investigate and use ultrasonic measurement techniques for 

characterizing fruit and vegetable properties which are related to their quality. The specific objec- 

tives were as follows: 

1. Measurement of ultrasonic parameters such as velocity of wave propagation and attenuation 

coefficients for selected fruits and vegetables. 

2. Analysis of acoustical as well as physical property changes during storage time for the selected 

fruits and vegetables. 

3. Investigation of relationships between acoustic properties and quality of the tested fruits and 

vegetables. 

4. Development of ultrasonic frequency analysis techniques to objectively evaluate fruit and 

vegetable quality; specifically, to detect hollow hearts in potatoes. 
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Chapter 2 

Literature Review 

Ultrasonic waves are simply high-frequency sound waves above the upper limit of human 

hearing. Sound is usually caused by a vibrating body. Human beings can only hear sound when 

these vibrations are between about 16 and 16,000 Hz. The sound source produces a sound wave 

in the medium of transmission. The vibrations of the sound source cause molecules of the sur- 

rounding medium to vibrate back and forth about an average position and each particle transmits 

motion to an adjacent particle. Sound and ultrasound, which are mechanical vibrations of particles 

of the medium, can be transmitted in solids, liquids, and gases. In fact, liquids and solids are better 

conductors of sound than air. Sound travels through air at about 330 m/s, but moves more than 

4 times faster in water (about 1400 m/s) and about 18 times faster in steel (about 6000 m/s) (Brown 

and Gordon, 1967). In general, the more stiff (resistance to change of shape) the medium, the 

greater the velocity of sound in it, and the less power is required to transmit sound energy through 

a given distance. 
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Acoustic Impulse and Resonance Techniques 

It is well-known that an expert often judges ripeness and defects of agricultural products such 

as watermelons by listening to the sound produced by thumping. Some researchers have success- 

fully used acoustics to measure the texture or firmness of fruits and vegetables. The response of 

materials to sonic energy is influenced by such factors as elasticity, size, shape, density mass, and 

texture of the material. Responses are usually measured in terms of vibration amplitude, frequency, 

and damping characteristics. The larger the size and the softer the texture, the lower will be the 

resonant frequency. Rapid acoustic decay is a characteristic of high internal friction which is re- 

sponsible for the absorption of vibration energy in a material. A number of studies have been 

conducted to correlate sonic response to some other indices of fruit and vegetable quality, such as 

pressure test and sensory panel ratings. The studies have shown a significant correlation between 

the non-destructive sonic measurements and fruit texture. 

Finney et al. (1967) were successful in detecting changes in firmness of ripening bananas, 

through correlation between Young’s modulus and resonance frequency. Firmness in the fruit was 

evaluated as being the force necessary to attain a given deformation within the product. Therefore, 

modulus of elasticity, which is defined as the ratio of uniaxial stress to strain in the elastic region, 

was used to measure the firmness of the fruit. They used cylindrical sections of pulp removed from 

bananas and vibrated them longitudinally. The resonance frequency was determined and modulus 

of elasticity was calculated from the equation 

E = 4pf?L’ (2.1) 

where E is modulus of elasticity, p is density, f is fundamental longitudinal resonant frequency, and 

L is the length of the cylindrical specimen. It was found that softening of banana tissue during 

ripening was associated with a decrease in Young’s modulus of elasticity. Modulus of elasticity 

was significantly and directly related with starch content, but inversely related with luminous 

reflectance and the logarithm of percent reducing sugars. Therefore the authors concluded that the 
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sonic technique could be a useful, quick method for evaluation firmness and firmness changes 

during ripening of bananas. Similarly, Finney and Norris (1968) found a sound correlation between 

moduli of elasticity of whole fruits and fruit samples and their natural frequency. The technology 

of analyzing the sound used in their study was based on a relationship between natural frequency 

and maturity of the products. 

Texture is one of the important quality factors of fruits and vegetables. Sonic and vibration 

response method is one technique for predicting the textural quality of agricultural products non- 

destructively. With the sonic technique, Abbott et al. (1968) studied two ways to measure the 

internal texture of fruits and vegetables. In one method, cylindrical sections cut from an apple were 

vibrated at their natural frequencies, and internal friction and Young’s modulus were calculated 

from the data. In the other method, sonic energy was applied to a whole apple, resulting in a series 

of resonances. They found that the second resonant frequency in apples was strongly influenced 

by fruit size and firmness — the smaller and firmer the fruit, the higher the resonant frequency. To 

compensate for variations due to differences in fruit size or mass, they found that a “stiffness coef- 

ficient” {?m, where f is the resonant frequency of the apple and m is the mass of the apple, could 

be used as an index of apple firmness. The results of the sonic vibration studies indicated that 

f?m of whole fruits was highly correlated with the elastic modulus of the fruits, and the natural 

resonant frequency of the fruits decreased as they aged or npened after harvesting with the firm 

fruits transmitted higher frequency energy than soft fruits. Therefore, measurement of stiffness co- 

efficient could be used as a non-destructive method for measuring and studying aging as well as 

firmness of apples at a given time. 

Finney et al. (1978) investigated the sonic vibration characteristics of 5 different apple 

cultivars. The resonant frequency (/) and the mass (mm) of individual intact apples were measured 

over 4 weekly harvests, and the measurements were repeated during the storage period. The non- 

destructive index of firmness, f?m, for each apple was calculated and compared with other meas- 

urements of fruit texture, such as Magness-Taylor pressure test and sensory test. The {2m index 

was directly correlated with Magness-Taylor test measurements of firmness and with sensory ratings 

of crispness, juiciness, and firmness, especially crispness. Correlations were affected by differences 
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among cultivars. It was found that results were best and most consistent for ‘Golden Delicious’ 

and ‘Rome Beauty’. 

Morrow and Mohsenin (1968) and Finney and Abbott (1978) reported that the velocity of 

propagation of acoustic waves through solid foods was a measure of the firmness of the food. 

Garrett and Furry (1972) used the propagation velocities of various sonic waves through the intact 

and sectioned apples for measurement of properties such as Young’s modulus, tissue density and 

Poisson’s ratio, which were believed to be related to the degree of maturity, firmness and toughness 

of apple tissues. They showed that equation (3.10) could be used to determine the physical prop- 

erties of apple tissue at sonic frequency, although some variability was inherent due to deviations 

of the material from conditions of homogeneity and isotropy. 

Clark (1975) also used the propagation of acoustic waves through a whole watermelon to 

predict its ripeness. He conducted research in which a pendulum struck a watermelon, producing 

characteristic sound waves which were detected by a wave sensor. The time decay of reflected and 

transmitted sound waves through the whole melon was studied. It was found that there was a high 

correlation between decay time of reflected and transmitted sound and meat color of the 

watermelon. The decay time increased as the melon meat matured. However, the regression 

analysis relating the decay time to the Magness-Taylor test had very low regression coefficient. 

Similarly, Armstrong et al. (1989) reported poor correlation between the resonant frequency of 

apple and Magness-Taylor firmness. In fact, Magness-Taylor firmness test punctures, shears, and 

deform; it ruptures, and destroys cellular tissues. The non-destructive sonic measurement, on the 

other hand, is a deformability test that imposes small cyclic strains (or deformation) upon the fruit 

without damaging cellular structure. Therefore, Magness-Taylor firmness is a measure of the 

crushing and shearing strength of the tissue rather than its elastic properties and this may account 

for the poor correlations. 

Armstrong et al. (1989) used acoustic emission of an apple, as a result of impulsive excitation, 

to find resonant frequencies of the apple. The observed resonant frequencies were used in an elastic 

sphere model developed in their study to predict firmness of the apple. The modulus of elasticity 

of the apple was predicted from the acoustic resonant frequency vibrations caused by an impulse 
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striking the apple. These predictions were compared with measured values of Magness-Taylor 

firmness and modulus of elasticity of the apple. Good correlation existed between modulus of 

elasticity measurements that included the apple core in test specimen and the predicted elasticity. 

Poor correlation existed between the predicted elasticity and Magness-Taylor firmness. 

Yamamoto et al. (1980) studied a non-destructive textural quality measurement technique 

that used an acoustic property for apples and watermelons. By means of digital Fourier analysis, 

the natural frequencies of intact fruits were obtained from the sound which was produced by hitting 

them with a wooden ball pendulum. The technology of analyzing the sound was to find a re- 

lationship between natural frequency and maturity of the product. The effect of experimental var- 

iables on the reproducibility of peak frequency was examined. It was found that hitting strength 

and location of the microphone had scarcely any effect on the peak frequency. The reliability of 

this method was confirmed after finishing the study. The peak frequencies had a tendency to shift 

to a lower range during storage. The correlation coefficients of sensory firmness and ripeness with 

natural frequency were found to be highly significant. 

Ultrasonic Techniques 

There are several reasons why ultrasonic energy is used in most applications rather than 

sound waves. First, many applications require high acoustic power. Since ultrasonic frequencies 

cannot be heard, powerful ultrasonic waves may be used without causing intolerable noise. Second, 

high ultrasonic frequencies with corresponding small wavelengths are useful for applications of 

non-destructive testing (NDT). The higher the frequency and the shorter the wavelength, the 

smaller the flaw which can be detected. Third, ultrasonic frequencies are useful for generating di- 

rectional waves in many applications. Smaller transducers can be used to send out a “search-light” 

beam. 
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The use of ultrasonics to evaluate various properties of foods goes back about 30 years. 

Ultrasound was used to determine albumen quality of shell eggs (Mayer et a/., 1958); ultrasonic 

measurements of fatness in swine (Hazel et a/., 1959); fat thickness in cattle (Stouffer et a/., 1961; 

Johnson et al., 1964), in pork (Lynch, 1967), and in fish (Freese and Makow, 1968). 

The development of the applications using ultrasonic techniques with food materials has been 

mainly by velocity measurements; although attenuation, reflection, and frequency spectrum analysis 

have also been used. The method which has had the greatest success is that of measuring the ve- 

locity of an ultrasonic wave by timing its passage through a sample of known thickness. Ultrasonic 

velocity has been used as a valuable non-destructive technique because of its relative ease of meas- 

urement, ease of interpretation of the consequent data, and an accuracy greater than attenuation 

measurements. 

Miles and Cutting (1974) studied changes in the velocity of ultrasound in lean beef during 

freezing to estimate the ice content of the frozen meat by a direct measurement of the pulse trans- 

mission time. The velocity of ultrasound, which is greater in ice than it is in water, was shown to 

provide a quantitative estimate of the ice content of frozen meat. The results showed that the ve- 

locity through the unfrozen meat changed only slightly with temperature over the temperature range 

0° — 10°C. At the beginning of freezing, the velocity of sound increased rapidly with reducing 

temperature. At a temperature of —5°C, when food materials such as meat are generally regarded 

as substantially frozen, the ultrasonic velocity increased by 70% of its unfrozen value. As temper- 

ature was further reduced, the rate of change in velocity with temperature declined progressively. 

At —20°C, the velocity was roughly double that at 0°C. They also demonstrated that the acoustic 

velocity could be used to estimate the mean specific enthalpy of partially frozen meat, which is a 

physical parameter that is important in the design of refrigeration systems. 

Miles and Fursey (1976) studied the fat content of beef carcass meat using ultrasonic waves 

over the temperature range of —20°C to +40°C. They found that measurements at 37°C appeared 

to have the best predictive value, and at that temperature, there was a linear relationship between 

the fat content and the reciprocal of the velocity of ultrasound measured at 2.5 MHz. Liquid 

paraffin was used as an acoustic couplant. An electronic system automatically measured the time 
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of flight (¢) of an ultrasonic pulse from one side of the carcass to the other, recorded the distance ( 

d) separating the transducer faces and computed the ultrasonic velocity t/d. The measurement of 

the time taken for a pulse to travel through meat consisting of multiple, parallel layers of muscle 

and fatty tissue of arbitrary fatness could be used to estimate the overall mean volume fraction of 

fat. They indicated that this property could be useful in assessing the composition of the soft tissue 

of living animals at selected sites. 

Ultrasonic measurements on fruits and vegetables differ from those such as meat because 

these materials are usually porous and air-containing. The ultrasonic velocity of fruits and vegeta- 

bles are low and their attenuation in the frequency range 1 — 10 MHz are very high. Thus ultra- 

sonic measurements so far have been limited to the frequency range of 50 kHz — 1 MHz. The 

frequency of the ultrasonic wave is a very important factor in fruit tissue penetration. Sarkar and 

Wolfe (1983) conducted an investigation to assess the potential of ultrasonic techniques for quality 

detection of fresh and processed foods using conventional ultrasonic diagnostic equipment. They 

investigated attenuation properties of potato, cantaloupe and apple tissue, stability of reconstituted 

orange juice, and skin characteristics of orange and tomato. All the measurements were conducted 

using an immersion tank with water as the couplant. They found very high attenuation coefficients 

of the ultrasonic wave at a frequency of 0.5 — 1 MHz in tissues of potato and cantaloupe due to 

the porous nature of these tissues. The measurements could not be made with apple tissues thicker 

than 3 mm at 500 kHz due to the high attenuation of the tissue. Furthermore, it was observed that 

the attenuation coefficient decreased with immersion time and degassing for the potato samples. 

The primary reason for this decrease was because the water used as the couplant entered the inter- 

cellular void spaces by osmosis and degassing the tissue under vacuum replaced more of the inter- 

cellular void space with water. They concluded that achieving penetration for fresh fruits and 

vegetables to detect internal defects was unlikely with the available diagnostic equipment The au- 

thors proposed that at lower frequencies (100 -- 500 kHz), acoustic radiation from a transducer of 

higher energy output might be helpful for examining fresh fruits and vegetables. They also pro- 

posed a method for ultrasonic measurement of the smoothness of citrus fruit peel and detected skin 

cracks in tomatoes and defects in husked sweet corn by analyzing the reflected signals. Ultrasonic 
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properties were evaluated and several specific problems were investigated; namely, measuring the 

stability of the reconstituted orange juice, sensing the skin texture of oranges, detecting skin cracks 

in tomatoes and defects in husked sweet corn. However, the immersion technique for fruits and 

vegetables used by Sarkar and Wolfe was unsatisfactory since the attenuation coefficient decreased 

with time as liquid entered the intercellular voids of the tissues. Voisey and Hamilton (1976) 

studied the relationship between shell thickness and ultrasonic measurements using water as the 

transmission medium for the ultrasonic energy, and they had a similar problem which could affect 

the velocity measurements used in the egg shell thickness determination. 

Mizrach et al. (1988) investigated problems involved in non-destructive quality determination 

of fresh fruits and vegetables through sonic and ultrasonic excitation. The basic measurements of 

acoustic properties of wave velocity, attenuation coefficient, and reflectivity for the tissues of se- 

lected fruits and vegetables were made. The tests were made with tissue specimens of selected fruits 

and vegetables. A pair of 50 kHz transducers was used to determine the sound velocity and atten- 

uation coefficient by through-transmission method. Tests for measuring the reflection properties 

of tissue were conducted using an immersion tank full of water and a single 500 kHz transducer 

operating in the pulse-echo mode. The velocity of sound in apples was found to be fairly low, 

which was in agreement with the values previously reported by Garrett and Furry (1972) in apples 

using other measuring method. Mizrach et al. suggested that lack of a clear fibrous structure and 

the large intercellular air spaces in apple tissue might be the reason for low sound velocity. They 

also found that sound velocity for potato tissue was 380 m/s, which was lower than that obtained 

by Povey (1989), which was 700 — 850 m/s for King Edward fresh potato. Mizrach et al. did not 

indicate the variety of the potato tested, and the differences might be due to the different variety and 

storage history. The author also showed that the hard avocados had a relatively lower sound ve- 

locity (273 m/s) than the soft avocados (383 m/s), and therefore concluded that the sound velocity 

may be used for ripeness classification for some products. Apple tissue immersed in water showed 

a very high attenuation coefficient, which means that little fraction of the incident ultrasonic energy 

was transmitted into the material. Upchurch (1985) reported similar results in his work, as dis- 

cussed later in this chapter. However, potato tissue showed a relatively smaller reflection coeffi- 
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cient. Measured attenuation coefficients for the fruits and vegetables were found to be relatively 

high and the ultrasonic wave was unable to penetrate through the whole product. In addition, at 

a low frequency such as 50 kHz, the resolution may not be enough for detecting the internal qual- 

ities of fruits and vegetables. 

Povey (1989) investigated a very wide range of fruits and vegetables, using a pulse trans- 

mission technique at 500 kHz. In his investigation, it was impossible to transmit the ultrasonic 

energy at 500 kHz through a whole fruit or vegetable using his instrumentation. It was believed that 

the presence of air was probably the reason for the high attenuation observed. The measurements 

reported were obtained by first pressing the transducers together, marking the time position of the 

transmitted pulse leading edge and then inserting a slice of material between the transducers. The 

time-of-flight for the sample was then determined. The results of his research illustrated a common 

feature of measurements on food materials — the variations of the measurements for fruits and 

vegetables are fairly large. Among the fruits and vegetables investigated by Povey (1989), such as 

green peppers, melon of different varieties, banana, cucumber, and some other fruits and vegetables, 

no sound was transmitted through the 5 mm slice at 500 kHz. The author suggested that this was 

the result of air scattering in the tissues of the fruits and vegetables. On the other hand, the 

ultrasound at 60 kHz was transmitted through 5 mm slices in Kiwi fruit, swede, apple, pears and 

peaches. However, Povey observed that it was not possible to make velocity measurements at 60 

kHz because of errors in determining the position of the leading edge of the output signal. 

Bruises in apples are quality defects and are of primary concern when defining the quality of 

apples. Bruising of fruits often increases with the use of mechanical harvesters and bruised apple 

tissue is very difficult to detect immediately after being damaged. Spectral analysis of reflected ul- 

trasonic acoustic signals for damage detecting in apples was carried out by Upchurch et al. (1985) 

at the frequency of 5 MHz. They reported that undamaged samples of apple tissue contained more 

air spaces than samples from damaged areas. Therefore, undamaged apple tissue had a very high 

mismatch of acoustic impedance causing most of the wave energy to be reflected at the surface. 

The large acoustic mismatch between the undamaged tissue may be caused by the 23% gas com- 

position of the tissue (Mohsenin, 1984). On the other hand, when the tissue is damaged, the cell 
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walls rupture releasing their contents into the air-filled interstitial spaces, therefore exhibiting a 

lower acoustic impedance. The reflected signal for the damaged tissue showed a very low amplitude 

reflection at the surface while the reflection from the back side of the damaged area contained more 

energy. However, the acoustic impedance mismatch at the damaged-undamaged interface was large 

causing a second reflection from the interface. For tests with peeled apples, the authors pointed 

out that the power spectrum composition of undamaged and damaged tissues was substantially 

different. The spectral composition of the two signals showed a difference in the signal power dis- 

tribution at different frequencies. However, the results of earlier tests with unpeeled fruits indicated 

the lack of penetration of wave energy through the peel and failed to indicate any differences be- 

tween damaged and undamaged sites. This lack of penetration may be due to a wax coating which 

is present on the skin of the fruit. 

Upchurch et al. (1987) later developed computer and physical models demonstrating an ul- 

trasonic technique for distinguishing between damaged and undamaged apple tissue. The assump- 

tion they used was that the presence of frequency nulls in the power spectrum of the reflected signal 

provided a feature for distinguishing between the two simulated tissue types. The reflected signal 

for undamaged condition contained a single reflection from the outer layer. For the simulated 

damaged condition, the received signal contained a reflection from the outer layer and a second time 

delayed reflection. Therefore the damaged conditions were indicated by the interference patterns 

in the power spectrum. One of the important features of this approach was the possibility of dis- 

tinguishing between tissue types independent of the angle of incidence or elasticity differences within 

the tissue type. However, tests with intact fruit without the cuticle did not exhibit additional fre- 

quency nulls for damaged sites as described in the models because of the high attenuation property 

of the tissue, although a difference existed in the power spectrums between damaged and undam- 

aged tissues. For the results from intact fruit with the cuticle, the difference between the damaged 

and undamaged tissue was undetectable. They concluded that the skin of apples was the major 

reason for the high acoustic impedance, and apple tissue was a strong attenuator of ultrasonic 

signals. The incident wave did not penetrate to the boundary between the bruised and unbruised 

tissue. 
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Steele (1974) investigated the feasibility of measuring moisture content of food products using 

ultrasound. He used an ultrasonic flaw detector and interferometer to determine the moisture 

content in sucrose solutions and an ice-cream mix. The results showed that ultrasonic velocity 

decreased with moisture content, although the relationship was not linear. The discrimination to 

which the moisture content can be measured was +1% moisture. The effects of change of tem- 

perature of a sucrose solution on the measurements were also determined and a linear relationship 

was found over the range of 21° — 37°C. 

The earliest investigation of the use of ultrasonics to grade whole eggs was carried out by 

Mayer and Hiedemann (1957). They attempted to determine whether or not it was feasible to de- 

velop and evaluate ultrasonic methods for measuring albumen quality of shell eggs and to relate 

these qualities to the grade of the eggs. They concluded that ultrasonic measurements would not 

be useful for reliable grading of eggs. However, their research suffered from the use of very crude 

experimental techniques and their conclusion’could not be accepted without further experimenta- 

tion. 

Povey and Wilkinson (1980) reported their work on an application of ultrasonic pulse-echo 

techniques to albumen quality testing of eggs. They studied the components of the egg (yolk, thick 

white bad thin white) in an attempt to find a distinguishing feature which would permit the design 

of ultrasonic quality control equipment for whole eggs. Their measurements were carried out at 

ambient temperature (14° — 17°C) and at 1.25 MHz. The most obvious feature of the results was 

the higher attenuation of the thick white compared with that of thin white. Their results indicated 

that the attenuation may be used an indicator of egg quality through the variation in acoustic 

properties between thick and thin white. As egg ages, the ratio of thick white to thin white de- 

creases and the attenuation of the ultrasound transmitted through the egg should decrease as the 

eggs age, due to the lower attenuation of the thin white in comparison with the thick white. They 

concluded that the attenuation difference between thick and thin white may be an appropriate 

measure for automatic, non-destructive testing of the eggs. 

Javanaud et al. (1984) made more accurate measurements of the velocity and attenuation of 

ultrasound in both egg white and egg yolks. Their results, however, did not support Povey and 
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Wilkinson's tentative suggestion of a fall in the ultrasonic velocity in eggs with age. The measure- 

ments were made at a frequency range of 2 MHz — 124 MHz over the approximate temperature 

range 20° — 25°C. They found that the values of ultrasonic velocity and attenuation lied within a 

much narrower range than those quoted by Mayer and Hiedemann (1957). The egg white and egg 

yolk had very different ultrasonic characteristics. The temperature coefficient of the speed of sound 

in the former was very close to that of water, while that of the latter could not detected. The neg- 

ative temperature coefficient of absorption in the yolk showed up quite clearly, although that of the 

white was quite small. The frequency dependency up to 124 MHz of absorption was close to linear 

in the white (exponent ~ 1.2) and slightly greater in the yolk (exponent ~ 1.5). The more recent 

work by Choi et al. (1986) has found no significant difference between thick and thin part in the 

frequency range of 0.2 — 10 MHz over the temperature range 10° — 50°C. No aging effect of egg 

white measurement in absorption was observed when the experiment was repeated at 20°C after 8 

days to find the aging changes. Their results showed a very good quantitative agreement with the 

results of Javanaud et al. (1984). 

Crispness of some foods is an important textural quality characteristic of them. Povey and 

Harden (1981) investigated the possibility of the ultrasonic pulse-echo technique as an objective 

method of measuring the crispness of biscuits. They overcame the problem of coupling of the 

ultrasound by using soft-tipped probes. They discovered an encouraging linear relationship existed 

between the crispness and the ultrasonic velocity of 1.5 MHz longitudinal wave. They were more 

than 80% certain that this relationship was not an accidental one. A similar, but less convincing 

relationship was found between crispness and ultrasonic attenuation. Young’s moduli calculated 

from the velocity measurements and measurements of biscuit density were also compared with the 

crispness. However, the ultrasonic velocity showed a better correlation with crispness than does the 

ultrasonically derived Young’s modulus, or the Instron machine derived modulus. They concluded 

that the ultrasonic technique could offer promise as a method for the electromechanical measure- 

ment of the crispness of biscuits. 

Bucur and Muller (1987) investigated a novel application of the ultrasonic velocity method 

to separate germinated and non-viable acorns and predict their germinability based on 
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morphological and physical criteria (density, ultrasonic velocity, etc.). They suggested that the ul- 

trasonic velocity is of considerable value in investigations of the internal structure of acorns, in the 

assessment of their properties, and in the design of systems for their quality evaluation. The ultra- 

sonic velocity was determined using the classical through transmission method for solids. They 

found that the germinability was related to density and ultrasonic velocity — a high density and a 

high ultrasonic velocity characterize a viable acorn. They suggested that such technique, completed 

with other propagation parameters of the ultrasonic waves, could be applied to other forest seeds, 

and might provide a useful characterization technique for the evaluation of germinability, detection 

of defective or poorly developed acorns. 

Micra et al. (1989) used ultrasound to evaluate the quality of soybeans. Acoustic trans- 

mission methods were used and the subsequent frequency-domain analysis was used to characterize 

the quality of the soybean. The results indicated that it was feasible to acquire and analyze the 

acoustic transmission data of soybeans and that differences between kernels of good and poor 

quality can be observed. But the spectrum of acoustic transmission could not be described in any 

mathematical manner, so there was no way of correlating the transmission spectra with the size or 

mass of soybeans. 

Detection of Hollow Hearts in Potatoes 

Internal defects such as hollow hearts, black hearts and internal blackspots are some of the 

major problems related to quality of potatoes, and they exist without external appearance. A 

non-destructive method of determining the internal disorder would make it possible to remove the 

disordered tubers from a given lot of potatoes and thus improve the overall quality. Most efforts 

directed toward detecting internal defects in potatoes have been attempts to detect hollow hearts. 

Hollow heart in potatoes is a physiological disorder characterized by an irregularly shaped 

cavity in the pith region of the tuber with a normal external appearance. Development of the dis- 
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order is often associated with rapid growth that may be preceded by a period of moisture or nutri- 

tional stress. Hollow heart is one of the major quality defects of potatoes and can cause serious 

economic losses to producers as well as processors. Although it generally does not cause significant 

loss in the nutritional quality of the tuber, the disorder is aesthetically undesirable. High percentage 

of tubers with hollow hearts could results in serious economic losses. Rex and Mazza (1989) re- 

ported that hollow heart was a greater problem in the Northern United States and Canada, than in 

the Southern United States. One Prince Edward Island farmer lost over $250,000 in one year when 

his crop was rejected due to hollow heart incidence greater than 10%. In the United States, if there 

are more than 5% by weight of tubers with internal defects, including hollow heart, ingrown 

sprouts, and internal discoloration, the potatoes do not meet U.S. No. 1 standard. When the in- 

cidence of hollow heart substantially exceeds 5%, problem may be encountered during marketing 

of the potato lot. During the processing of potatoes, for example french fries, chips, and many 

other products, the tubers with hollow heart are rejected. Although the incidence of hollow heart 

in potatoes can be control to some extent by proper cultural practice, it is impossible to guarantee 

freedom from hollow hearts in potatoes through implementation of cultural practice only. 

Several techniques have been developed for non-destructive detection and separation of po- 

tato tubers with hollow heart. These include use of tuber size or specific gravity, x-rays, light 

transmittance and ultrasound. Among these techniques, x-ray technology has been so far the most 

reliable and practical procedure for the detection of hollow heart in whole potatoes. 

A predominance of larger potatoes have hollow hearts because hollow heart usually occur 

during a period of rapid growth. Therefore removing all the larger potatoes should reduce the in- 

cidence of hollow hearts. Finney and Norris (1978) attempted to reduce the incidence of hollow 

heart potatoes by separating the tubers on the basis of individual tuber weight or specific gravity. 

They reported that the incidence of hollow heart for a sample of 106 potatoes was 0.0% by weight 

for tubers weighing less than 200 gram, while for tubers 600 gram and greater in weight it was 

100.0%. The same sample of tubers was separated based on specific gravity. Tubers with specific 

gravity of 1.050 or less had an incidence of hollow heart of 66.6% by weight, whereas tubers with 

a specific gravity of 1.071 — 1.080, and 1.081 and greater, had 9.2% and 4.2% hollow heart, re- 
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spectively. However, there was no well-defined value of specific gravity at which hollow hearts 

began or cease to exist, although there were more hollow heart potatoes in lower specific gravity 

classes. The reason for this poor definition is that there is considerable variation in the specific 

gravity of various parts of the potatoes. When the incidence of hollow heart is high, a larger pro- 

portion of the crop would have to be discarded to meet grade standards for hollow heart. More- 

over, the practical difficulties of making specific gravity measurements would also make the method 

impractical. Therefore, this is not an economically effective mean of removing hollow heart pota- 

toes from a field lot of potatoes. 

Hollow hearts of potatoes, which are not visible externally, can be detected clearly in an x-ray 

picture. Finney and Norris (1978) suggested a x-ray scanning technique for automatic sorting of 

hollow heart potatoes. The scanning x-ray technique was used to detect tubers with hollow heart 

and from the experimental results they attempted to determine some objective criterion by which 

automatic sorting of detective potatoes could be obtained. A potato was placed in an x-ray field 

and a scanning detector traversed the length of the potato. The output of the detector was ampli- 

fied, digitized and fed to a digital computer for analysis and recording. All 14 tubers with hollow 

heart in a sample of 106 tubers were detected using this method. Better results were obtained using 

tubers in air than using tubers submerged in water. There have been some commercial x-ray ma- 

chines in use for detection of hollow heart in potatoes. The potential danger and the cost of op- 

erating of x-ray equipment have hindered the development of this technique into a fully automatic 

system for the hollow heart problem. 

Light transmission has been used in non-destructive testing of hollow hearts in potatoes by 

isolating narrow beams of light of a specific wavelength and measuring which is transmitted, re- 

flected, or absorbed by the samples. In potatoes, it has been observed that normal optical proper- 

ties are modified in consistent ways in the presence of certain disease and defects. Birth (1960) 

described a procedure for detection of internal defects of potatoes using a spectrophotometer to 

measure the spectral absorption curve of whole tubers. The image of a hollow heart cannot be seen 

when visible or near infrared energy was used, but there was a selective absorption of energy in the 

near infrared region which was indicative of the hollow heart. This selective absorption of energy 
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was due to the discoloration in the vicinity of the hollow heart. The potato with hollow heart ab- 

sorbed considerable more energy in the 650 wm — 750 um region than the sound potato. No large 

differences were observed between sound and hollow heart tubers at 800 wm. By using the differ- 

ences in optical density (O.D.) between 800 ym and 710 um to separate tubers, he was able to re- 

move 98% of tubers with hollow heart in a sample of Irish Cobbler potatoes. In a test with 

Katahdin potatoes, 81% of all discolored tubers were deleted including potatoes with decay, 

greening, blackspot and hollow heart. The method did, however, result in the incorrect diagnosis 

of a small percentage of tubers free of disorders. The rejection rate for potatoes with greening or 

decay was low because greening and decayed areas occurred at random locations on the tuber and 

the apparatus was designed to look at a cylinder of tissue through the center of the potato. Vari- 

ation in O.D. resulted from variation in the size and shape of individual tubers. Difficulties in 

measurement also resulted from variation in spectral absorption due to varying skin thickness or 

skin thickness relative to tuber thickness, the presence of scarred tissue and soil on the tubers. 

Yellowing of flesh in Irish Cobbler potatoes from long term storage did not affect detection of 

tubers with hollow heart. 

Detecting internal defects of potato tubers by using ultrasonic waves is a relatively new de- 

veloping technique. Some researchers used methods and equipment that are available in medical 

and industrial applications for transmission and detection of ultrasonic waves in agricultural pro- 

ducts. Watts and Russell (1985) have attempted to use conventional ultrasonic test equipment on 

potatoes to evaluate the potential of using ultrasound to detect hollow heart in potatoes. The major 

problem they encountered with the ultrasonic system resulted from the high attenuation character- 

istics of the tissue making up the potato tuber, especially at high frequencies. The attenuation co- 

efficient of potato tissue was quite high (1.0 dB/mm), and the ultrasonic velocity in potatoes was 

about two-thirds of that in water (900 m/s), yet they did not indicate at which frequency. They 

suggested that the high attenuation coefficient was due to the scattering of the sound both by the 

cellular structure of the potato and the presence of 1 — 2% air in the potato tissue. At low fre- 

quencies, resolution decreased and a large transducer was required. The accuracy of ultrasonic 

measurements could not be ensured at low frequencies. The resolution at 175 kHz was thought to 
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be barely sufficient to obtain a good indication of hollow hearts in potatoes. The other problem 

they encountered included the requirement for an acoustic couplant, such as water or other wetting 

agent at the point of contact between the transducer and the potato. Also due to the high atten- 

uation coefficient a pulse echo technique requiring only one transducer cannot be used. Instead, a 

through-transmission technique must be used requiring a transducer on both sides of the tuber. 

The difficulties encountered also dealt with the design of an appropriate transducer. In spite of the 

problems, they expressed confidence that the method was feasible and could be made to work. 

They pointed out that there were several challenges to be overcome before ultrasonics could be used 

commercially, such as appropriate equipment and transducers, coupling methods, frequency range, 

and testing techniques. 

In the light of the literature survey, many possibilities of ultrasonic non-destructive detection 

of fruit quality, fruit structure and its internal defects have been acknowledged. However, the 

equipment used in medicine and industry is apparently not suitable for examination of fruits and 

vegetables. In order to apply this technology to agricultural products, it is necessary to determine 

the suitable frequency and the required ultrasonic instrumentation system for various products. 
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Chapter 3 

Principles of Ultrasonic Methods 

Sound waves are produced as a result of the mechanical vibration of the molecules, atoms 

of a gas, liquid, or a solid material about the equilibrium positions of these particles. Vibration of 

particles in a material is an essential characteristic of acoustic propagation and for this reason, it is 

impossible for sound to pass through a vacuum. When a sound wave strikes material, its particles 

are set into motion. Ifa particle is displaced from its equilibrium position by applied stress, such 

as by the pressure of a sound wave, internal forces in the particles tend to restore the system to its 

original equilibrium position. Since a material composed of infinite particles mechanically coupled 

to each other, when one particle is displaced from its equilibrium position, it exerts pressure upon 

the next one. Therefore, displacement at one point induces displacement at the neighboring points. 

The transmission of a wave through a medium is the result of the combined effects of elastic force 

between particles and inertia of the particles. 

Sound waves undoubtedly are capable of providing useful information about the media 

through which they travel. Ultrasound 1s actually an extension of audible sound and differs from 

the sound waves just in magnitude, not in principle. Ultrasonics is the name given to the study and 

application of sound waves having frequencies higher than those to which the human ear can re- 
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spond. Transmission of these waves is essentially dependent on particle vibration, each particle of 

the medium being displaced subsequently as the wave travels through the medium. Any material 

possessing elasticity can support the propagation of an acoustic wave. The elasticity can provide 

a restoring force that tends to return each element of the material to its starting point. Therefore, 

ultrasonic waves, when propagate in a material, actually cause particle displacements in it. The 

amount of displacement or elasticity is a function of intrinsic behavior of a material. Thus for all 

practical purpose, once propagated in a material, ultrasound generates the phenomena of reflection, 

refraction, transmission, diffraction, interference, scattering, and dispersion as it interacts with the 

material. Investigation of these phenomena in light of test material characteristics is the key to 

non-destructive testing and evaluation (NDTE). The significance and quality of information re- 

vealed by ultrasound are directly related to the performance of incident and receiving components 

of the ultrasonic characterizing system. 

The various applications of ultrasonics may be classified under two headings: (1) High in- 

tensity ultrasonics, (2) Low intensity ultrasonics. With high intensity applications, actual work is 

done by the waves on the material, e.g., the production of cavitation, heating, drilling, etc., and 

irreversible changes in the properties of the material can often take place. With low intensity ap- 

plications, the waves are used to investigate the physical properties of the material through which 

they pass and the material does not suffer any permanent changes. At low ultrasonic power level, 

ultrasound wave is elastic in nature and can be characterized by wave motion. The signal amplitude 

is small enough for the strain to be linearly related to the stress. Therefore, for non-destructive 

applications, low intensity of ultrasonics are widely used. 

Types of Ultrasonic Waves 

Depending on the mode of particle vibration relative to the direction of wave propagation, 

ultrasonic waves can be classified into the following categories. 
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Longitudinal waves 

When the direction of particle displacement is the same as the direction of wave propagation, 

the wave produced is called a longitudinal wave. These waves are characterized by alternate 

rarefaction and compression of the particles along the direction the wave is propagated. The ve- 

locity of longitudinal wave in water is 1400 m/s, and for air is 330 m/s. This wave type is commonly 

used in Non-destructive evaluation (NDE) and the only type that can be transmitted in many liq- 

uids and gases. Unless stated otherwise in this study, only longitudinal waves will be considered. 

This is because longitudinal waves are the easiest to generate and detect and thus by far the most 

widely used. 

Shear waves 

When the direction of particle displacement is perpendicular to the direction of wave propa- 

gation, the wave produced is called a shear wave. For the transmission of the shear waves, shear 

forces must exist between the molecules or particles so that as one particle moves back-and-forth, 

it pulls its neighbor with it. In most low-viscosity liquids and gases, the forces of attraction are so 

small that shear waves cannot be transmitted through them. Shear waves are used to detect weld 

defects as well as defects whose orientation is in a different direction relative to the test surface. 

Surface waves 

Surface waves are transmitted on the surface of the solid while hardly affecting the material 

beneath the surface, very much like waves on the surface of a lake. Surface waves are characterized 

by complex motion of longitudinal and shear waves, i.e. the particle vibration is both longitudinal 
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and transverse. In NDE, surface waves are used for the detection of surface defects in parts having 

limited or difficult access. 

All three types of waves are used in ultrasonic non-destructive testing and evaluation. In- 

vestigation of materials with longitudinal waves can be used to reveal sub-surface and bulk-body 

defects, thickness measurements; and by angulating these waves, transversely oriented defects can 

also be studied. Longitudinal and shear waves can be applied to determine elastic constants, den- 

sities and porosities of materials. Surface waves can be used for the detection of surface-breaking 

defects. Investigation of these waves, when they are applied to a material, can reveal important 

properties of the material. 

Reflection and Transmission 

When an ultrasonic wave passing through one medium reaches the boundary of that medium 

and strikes a dissimilar medium, part of the wave energy is reflected back through the original me- 

dium and the remainder is transmitted into the second medium. The amount of reflection is de- 

termined by the nature of the two media. The relative intensities of the transmitted and reflected 

waves with respect to the incident waves are expressed by the transmission and reflection coeffi- 

cients, which are dependent upon the difference in the acoustic impedances of the two media at the 

boundary. The acoustic impedance, which is also known as acoustic density, for a particular me- 

dium is 

z=pVv (3.1) 

where 

z = the acoustic impedance for the medium 

p = the density of the medium 

V = the velocity of sound in the medium. 
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Acoustic impedance is associated with the dissipation of ultrasonic energy. For the normal 

incidence of ultrasonic waves, there is no mode conversion of wave propagation. Using the acoustic 

impedances for the two media at a boundary, the reflection coefficient R for a wave at normal in- 

cidence is given by the expression 

Transmission coefficient T at the boundary for a wave at normal incidence can be calculated from 

4212) 
T= 5 

(2; + 2) 
(3.3) 

where 

Zz acoustic impedance for the first medium 

2 = acoustic impedance for the second medium. 

For a given boundary, the transmission coefficient and reflection coefficient are added to- 

gether to unity, ie., 7+ R=1. The closer the acoustic impedance values of two media, the less 

reflection occurs and more transfer of energy from one medium to the other. This is an important 

consideration when it is desired to transfer maximum acoustic power from a transducer to a me- 

dium with a minimum of reflection. 

The acoustic impedance for biological tissue is very difficult to determine theoretically, be- 

cause the value of the elastic constants are needed. In biological tissue, the elastic constants can 

vary with cell turgor pressure, geometry and size (Mohsenin, 1984). 

Attenuation of Ultrasound 

The amplitude of the ultrasonic wave can be attenuated as it travels through the medium due 

to scattering or absorption of the wave energy. Losses of ultrasonic energy can be expressed in 
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terms of attenuation coefficient « (nepers per cm). The attenuation shows the classical exponential 

dependence of path length 

E(x) = fe ™ (3.4) 

where 

x = distance the sound travelled, cm 

é) = maximum strain amplitude at a reference point 

¢(x) = strain amplitude at a point x cm along the sound path from the reference point 

« = attenuation coefficient of the medium for a given frequency in nepers/cm. 

Either longitudinal waves (€ || x) or shear wave (¢ L x) may be used. The strain field is converted 

into a voltage in the transducer. For plane progressive ultrasound waves, attenuation coefficient « 

is defined by the following equations: 

A= Age ™ (3.5) 

where 

Ay = the amplitude at the reference position of the sound waves 

A = the amplitude after travelling a distance x. 

The attenuation coefficient, «, is a measure of the rate at which an ultrasonic wave decreases 

in intensity by other than geometric means as a function of distance as it propagates through a 

median. Attenuation measurements are generally useful only when made over a range of frequen- 

cies because the frequency dependency of attenuation is closely tied to material properties. 

Since acoustic intensity is proportional to the square of acoustic displacement, equation (3.5) 

can also be expressed in terms of intensity as follows: 

I=Ipe?™ (3.6) 

where 

I = the intensity of the wave after travelling through a material of thickness x 

{, = the intensity of the sound wave at the reference position. 
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It is common practice to relate the intensity to some reference value using the decibel scale, as fol- 

lows: 

Lt 
Io 

AL 
Ay 

Number of decibels (dB) = — 10 log 

(3.7) 
= — 20 log 

A comparison of equation (3.7) with equations (3.5) and (3.6) shows that attenuation can also be 

expressed in decibels per cm. It can be seen that 1 neper is equivalent to 8.686 dB. 

Attenuation of ultrasound in a material has two important sources — scattering and absorp- 

tion. Therefore, attenuation coefficient can be broken down into two components 

a= a, + as (3.8) 

where a, is the absorption coefficient «, is the scattering coefficient. However, the mechanism is 

different for both of them. Scattering of the ultrasonic energy is caused by inhomogeneities within 

the medium such as internal defects, porosity, boundaries and other physical heterogeneities. The 

interface of each discontinuity within a medium serves as a reflecting surface, the size of which (in 

relation to the wavelength) determines its effect as a scatterer. Most scattered energy no longer 

moves only in the original direction of propagation and thus the total amount of energy transmitted 

is reduced. When scattering occurs, the amplitude of the scattered wave is proportional to /*, where 

J is the frequency of ultrasound. Thus, greater scattering occurs at higher frequencies. The other 

significant source of attenuation is absorption, which is the result of the wave energy being con- 

verted to an alternate form of energy such as heat. Absorption is mainly caused by (1) internal 

friction (viscosity); (2) elastic hysteresis; (3) heat conduction; (4) other factors, such as relaxation 

phenomena, molecular structure, etc. In solids, (1) and (2) are dominate, while (3) and (4) are 

negligible. The attenuation coefficient is always larger than the absorption coefficient because ab- 

sorption is only one of the means by which the ultrasound wave is attenuated (Stewart, et al., 1982). 

The attenuation coefficient « yields information about absorption and scattering processes 

occurring in the specimen and is an important factor for material characterization. First, it deter- 
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mines the amount of acoustic energy which can reach structures of interest at various depths in a 

medium. Second, it is important because part of the attenuation is due to the absorption process 

in which the propagating energy is permanently converted (for example, into heat energy which 

may cause a temperature rise in tissue). Third, attenuation by scattering can result in ultrasonic 

energy reaching structures not intended to be insonated or in production of standing waves, creating 

peaks and nodes in the spatial distribution of the ultrasonic energy (Stewart, et al., 1982). 

Since attenuation coefficient « changes with frequencies, mere comparisons of the amplitudes 

of successive reflections from a material for the determination of ‘attenuation’ by 

attenuation = — 20 log should not be regarded as a measurement of accurate and precise at- 

tenuation of the wave, where A; is the amplitude or voltage of a multiple reflection and A, is the 

amplitude or voltage of another reflection immediately preceding A,. In order for ultrasonic atten- 

uation to assume a meaningful relationship with properties of a material, it must be defined as a 

function of frequency. Ultrasonic attenuation in a medium generally increases with increasing fre- 

quency in a manner that can be expressed approximately (over a limited frequency range) in the 

form 

A 
a= af (3.9) 

where a is the amplitude attenuation coefficient of the medium at a frequency /, a» and 7 are con- 

stants for the medium. 

Another aspect of ultrasonic attenuation analysis involves the measurement of transmitted 

frequencies, not their attenuation coefficients, when wide bandwidth ultrasound is transmitted into 

a material. This phenomenon is significantly observed when a given material is investigated with 

a number of frequencies. Up to some frequencies, the material may be transparent. However, 

beyond certain frequencies, it may become opaque. This observation is analogous to the trans- 

mission of white light through materials, yielding absorption or transmission spectrum. 
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Ultrasonic Methods 

Depending upon the modes of ultrasound transmission and reception in a test material, the 

methods used in NDTE can be classified as follows: 

Pulse-echo method 

Pulse-echo systems are widely used as universal tools for ultrasonic measurements of material 

properties in NDTE. A single transducer is used simultaneously as the transmitter of ultrasonic 

pulses and as the receiver to detect echoes from defects or other interfaces. There are various ways 

of coupling the transducer to the test parts. 

The method is to send a short burst of ultrasonic waves into the object, and as echoes come 

back from discontinuities, defects, or boundaries of the object, they are amplified and displayed on 

a oscilloscope, showing their amplitude and their time of flight. Such displays are known as real 

time radio frequency (rf) traces. If the velocity of sound in the object is known, then the time of 

flight of a pulse, as read from the oscilloscope, can be converted into distance or depth in the object. 

However, the amplitude of an echo cannot be translated as easily into useful information as the time 

of flight into depth because it depends on a number of factors. Apart of the gain of the receiver 

amplifier, the echo amplitude is affected by the reflectivity of the interface (its flat or irregular 

shape), its size, its orientation in respect of the ultrasound beam, its distance from the probe, at- 

tenuation along the path of the beam, acoustic coupling between probe and test surface, and the 

characteristics of the probe. 

Acoustic coupling between probe and test object can be provided by direct contact through 

a layer of oil or grease (contact testing), or the object may be immersed in a water bath using a 

special waterproof probe (immersion testing). For manual work, contact coupling is preferred be- 

cause it is simpler. Immersion testing, on the other hand, offers the advantage of uniform coupling, 
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which is important for automation, and it also enables easy mechanized scanning over rough sur- 

faces or surfaces with steps. In addition it eliminates friction and wear of the probe. 

Direct contact 

In this case, the transducer is placed directly or coupled to the test material surface by a liquid 

couplant, such as oil, grease, glycerin, etc. When the propagating ultrasound encounters a discon- 

tinuity, such as a defect, pore, solid inclusion, crack, etc. in its path, a part of ultrasonic energy is 

reflected by it along with a reference reflection. The reference reflection is generally the bottom 

surface of the material. The information is then displayed on the oscilloscope screen in the form 

of real time radiofrequency (rf) traces. 

Solid delay line contract 

In this method of coupling, first ultrasound is introduced inside a solid material such as 

plastic, quartz, glass, etc. by placing a liquid couplant between the transducer and the solid delay. 

The end of the delay is then coupled to the test material surface. The ultrasound reflected from a 

target in the material is displayed as real time rf trace. This method is used to gain the time/distance 

resolution by eliminating the interfering effects of the initial pulse of the pulser. 

Liquid delay line contact 

This method is similar to the previous method, except that the delay medium here is liquid, 

generally water. This method is known as the immersion method and is widely used where free 

lateral and vertical motion of the transducer and automation in testing are required. 
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Through-transmission method 

In this method, two transducers are placed opposite to each other on the two surfaces of a 

test material. One transducer acts as the transmitter, while the other receives the transmitted energy 

passed through a region of interest. This method is used for defect detection and thickness meas- 

urement. If the transmitting ultrasonic beam encounters a discontinuity in its path, a portion of 

ultrasonic energy will be attenuated by it, thus reducing the amplitude of the received signal. This 

method is not suitable for determining the location of targets in materials. Through-transmission 

methods are used for the measurement of sound velocity, attenuation and absorption, and for the 

characterization of attenuative materials. 

Although the through-transmission technique looks simple, there are practical difficulties in- 

volved. Conditions for successful and reliable defect detection with through-transmission depend 

upon several factors. Because of diffraction around the edges of the defect, the acoustic wavelength 

in the object must always be less than the diameter of the smallest defect to be detected. Good and 

consistent acoustic coupling must be ensured, otherwise the received ultrasound will vary regardless 

of the presence or absence of any defect. In addition, good and consistent alignment of the trans- 

mitter and receiver probes is equally important. In an object with parallel, or very nearly parallel, 

surface standing waves can build up; i.e., resonance can occur, when continuous waves are used. 

Accordingly, very small variations of thickness, well within the limits of tolerance, will cause con- 

siderable variations in the received signal intensity. Either frequency modulation or amplitude 

modulation can be used to eliminate standing waves (Szilard, 1982). 

Transmission and reflection method 

In this method, two transducers are placed side-by-side with one acting as the transmitter and 

the other the receiver for the reflected pulses. Both transducers are slightly angulated and separated 
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by a thin wedge to maximize the ultrasonic response from within the test material. This method 

is used for defect detection and thickness measurement, particularly when one of the surfaces of the 

test material is rough. 

Ultrasonic Parameters 

The ultrasonic propagation parameters for biological materials such as fruit and vegetable 

tissues are velocities and frequency-dependent attenuation. Texture, density, elastic moduli, and 

other engineering properties are some of the material properties of special interest. Since this sub- 

ject is new in food engineering field, not much is known about the relationship between ultrasonic 

parameters and properties of foods, such as fruits and vegetables, and experimental research into 

ultrasound-food interaction phenomenon is needed. 

Velocities of ultrasound 

The velocity of sound is a constant quantity for a material in a given state and depends only 

on its physical properties. There are three main types of ultrasound characterized by the modes 

of particle vibration relative to the direction of the wave propagation. These are longitudinal, shear, 

and surface waves. All of these velocities can be measured by the various methods. Ultrasonic 

velocities are directly related to the following various elastic constants for a homogeneous, isotropic 

and elastic material: 

_ 1/2 1/2 vi=| E(1 — p) -[ Oko) 

p(l + pl — 2n) p (3.10) 
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where 

V, = longitudinal wave velocity 

V, = transverse or shear wave velocity 

= Young’s modulus of elasticity in the direction of measurement 

G = shear modulus of elasticity in the direction of measurement 

p = density of the material in the direction of measurement 

= Poisson’s ratio 

K = bulk modulus of elasticity, K = Was" 

The above equations are based on the assumption that plane cross sections remain plain, and 

that lateral stress components sufficient to prevent lateral motion are present. Therefore, they are 

valid only when the diameter of the solid is several times larger than the length of the propagated 

wave so that the wave front can be considered a plane. 

All of the parameters on the right hand sides of the above two equations could vary with 

either maturity or quality in certain agricultural products. The biological factors associated with 

these physical properties include tissue turgor pressure, cell wall properties, cell to cell bonding, 

cellular composition and cellular integrity. Garret and Furry (1972) have shown the equations can 

be used to determine the physical properties of apple tissue at sonic frequency (calculated to be less 

than 5 kHz), although its use with ultrasonic frequency has not been examined. 

A comparison of equation (3.10) and (3.11) reveals that the relationship between V; and V, 

is 

11 — v2 = vy} (1 — ») Dapp (3.12) 
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Therefore, longitudinal waves travel more than J2 times as fast as shear waves. Surface waves are 

more complicated than longitudinal and shear waves. The velocity of surface waves is related to 

longitudinal and shear wave velocities through the relationship 

6 4 2 2 2 V, V, V, V, Vt 

Of the six possible velocities, only one real value exist for materials for which Poisson’s ratio 

p» lies in the range 0 < yp < 0.5: 

0.87 +1.13p 
Y= oh (3.14) 

  

where 

V, = the Rayleigh or surface wave velocity 

—_— s , . ] ~ 2b? 
pp = the Poisson’s ratio, p = 2 — 2p?’ b= V,/V). 

Surface waves travel slower than longitudinal and shear waves (Szilard, 1982). 

Longitudinal and shear wave velocities are unaffected by frequency or wavelength changes in 

nondispersive materials. However, many systems display a phenomenon called “dispersion”. The 

dispersion of incident waves, within its bandwidth, may be caused by the material texture (inter- 

granular relationships). In this case, different ultrasonic frequencies travel at different velocities. 

The overall result is for the initial wave packet to spread with time, the lower frequency components 

of the wave pulse trailing behind the higher frequency components. This makes the concept of a 

single velocity for a whole pulse meaningless in such circumstances. The velocity of the pulse 

packet is called group velocity. The velocity of a single frequency component is called phase ve- 

locity. Group velocity varies with ultrasonic frequency. Group and phase velocities are the same 

in a material up to those frequencies that are not dispersed by it. Once the dispersion begins to take 

place, the group velocity may be dramatically affected as a function of frequency. In general, the 

amount of dispersion in solids is very small (Bhardwaj, 1986). 
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Signal analysis 

The frequency content of a continuous wave of constant frequency has a single value. In 

pulse excitation, however, the energy is spread over a frequency spectrum, and the frequency con- 

tent of the transmitted pulse can be derived by means of Fourier analysis. The frequency-based 

information is free of several limitations inherent in techniques based on amplitude in the time 

domain. 

Fourier transform 

The frequency spectrum for the ultrasonic waveform may be obtained by invoking the well- 

known Fourier transform relationship that exist between time and frequency domain. The Fourier 

transform of a waveform decomposes or separates the waveform into a sum of sinusoids of different 

frequencies. The Fourier transform identifies the different frequency sinusoids and their respective 

amplitudes which combine to form an arbitrary waveform. 

Let time domain signals be x(t), and their Fourier transforms (frequency domain) be X(/). 

The conditions for the existence of Fourier transform X(f) are discussed by Oppenhein and Willsky 

(1983). In general, for most functions encountered in practical scientific analysis, the Fourier 

transform is well defined (Oppenhein and Willsky, 1983). Mathematically, the Fourier transform 

of x(¢) is defined by the expression 

X(f) = | x(je Pat (3.15) 

where / is the imaginary operator, and j? = — 1. 

The Fourier transform is a frequency domain representation of a function. The Fourier 

transform frequency domain contains exactly the same information as that of the original function. 
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They differ only in the manner of presentation of the information. Fourier transform allows one 

to examine a function from another point of view, the transform domain. 

The inverse Fourier transform is defined as 

6o 

x(t) = | X(fyer" af (3.16) 
—0oo 

Inversion transformation (3.16) allows the determination of a function of time from its Fourier 

transform. 

All signals encountered in practice will be of finite time duration. Thus, the Fourier trans- 

form of x(‘) may be written as 

To/2 
X(f) = | x(e at = #[x(t)] (3.17) 

—T 5/2 

where x(@) is centered about ¢ = 0 and is of duration 7, and J [x(#)] indicates the Fourier transform 

of x(é). If x(2) is shifted by a constant & then by substituting s = t— %, the Fourier transform of 

x(t - by) is 

Ty/2 
H [x(t — t)] = | x(t — te "at 

— 7/2 

7/2 — 

| “ne x(sje 27s + gs 
— T/2- % (3.18) 

To/2 — b 
= ely | x(sye?? TH ds 

— To[2 — 

= eo /2thty X(f) 

where x(t — to) is identical to x(t) except that it is centered about t= h. 

Now suppose that a second identical pulse is added and that the total delay time between the 

two pulses is 2. An additional time delay causes a superposition of two waves. Depending upon 
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the delay time, the two waves may either produce constructive (in phase) or destructive (out-of- 

phase) interference. Then the Fourier transform of the two signal is 

| [x(t + t) + x(t—%)]| = lePxf) + eP™x(P)| (3.19) 
= |2cos(2nft)| |X(f)| 

Therefore, the transform is now that of either pulse alone modulated by |2cos(2mft)|; i.e., the 

envelope of the resulting spectrum is the same as that for a single pulse, but the spectrum now has 

maxima and minima that depends on &. 

Frequency spectrum 

In general, the Fourier transform X(f) is a complex quantity. It can thus be written with its real 

and imaginary parts: 

X(f) = RF) + Jf) (3.20) 

where R(f) is the real part of the Fourier transform, /(f) is the imaginary part of the Fourier 

transform. In the case of real signal x(¢), the real and imaginary parts of X(/) are respectively given 

by 

To/2 
Rif) = | x(t) cos(2nft)dt (3.21) 

—Tp/2 

and 

Tol 2 
l(fj=- | x(t) sin(2nft)dt (3.22) 

—To/2 

It is also possible to write this equation with the amplitude and the phase 
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Xf) = |X(fyle/M (3.23) 

The factor |X(f)| = JRF) + Pf) is commonly referred to as the Fourier spectrum or 

amplitude spectrum of x(t) and provides the information concerning how x(t) is composed of 

signals at different frequencies. Physically, the Fourier transform, X(f), represents the distribution 

of signal strength and intensity of x(t) at different frequencies. The factor 6(f) = tan | SE | 

called phase spectrum, contain the frequency distribution of the phase of x(t). The factor | X(f)|’, 

denoted by (/), has the interpretation as the energy per period contributed by frequency f, and 

therefore is referred to as the power spectral density of the signal x(#). A plot of O(/) as a function 

of frequency is called the power spectrum. The total power contained in the signal within the fre- 

quency band can be obtained by integrating ®(f) over all frequencies. 

Fast Fourier transform 

In an actual computation of the spectrum, usually only the successive samples of the 

continuous-time signal x(t) at a set of equally spaced points are given, and only sample values of 

frequency function can be computed. Therefore, it is necessary to modify the continuous Fourier 

transform theory in such a manner that the transform is amenable to digital computer computation. 

This modified transform, termed the discrete Fourier transform, approximates as closely as possible 

the continuous Fourier transform. 

Suppose there are N samples for a signal x(t) of duration 7) at equispaced points, and 

T = T)/N is the sampling interval in time domain, the discrete Fourier transform is defined as fol- 

lows: 

N—-1 

ny —j2ank|N _ _ Xa) 2 Ne n= 1,2,3,...,N—1 (3.24) 

Principles of Ultrasonic Methods 41



The discrete Fourier transform is acceptable for the purpose of digital computation since both 

time and frequency domains are represented by discrete values. The original time function is ap- 

proximated by N samples; the original Fourier transform X(/) is also approximated by N samples. 

These N samples define the discrete Fourier transform pair and approximate the original Fourier 

transform pair. 

Let A = e-#7/N, replace KT by k and n/NT by n for convenience of notation, then equation 

(3.24) become 

N-1 

X(n) =) x(Ka"* n=1,2,3,..N—1 (3.25) 
k=0 

Note that equation (3.25) describe the computation of N equations. The direct computation 

time is proportional to N?, the number of multiplications. The fast Fourier transform is a numerical 

technique that can compute the discrete Fourier transform much more rapidly than other available 

method. The FFT owes its success to the fact that the algorithm reduces the computation time to 

a time proportional to N log, N. For instance, if N = 1024 data points were used, the direct calcu- 

lation for X(m) would involve over 1 million multiplications. However, the FFT can do it with 

N log, N multiplications, which in this example is 10,240. 

Power spectral moments 

The power spectral moments are defined as follows: 

M,= | OU) Sf’ af (3.26) 

where M stands for a spectral moment and the subscript 7 on it represents the order of the moment, 

@(f) is the power spectral density, fis the frequency. Several of the moments and moment ratios 

can be given physical interpretations. For example, 
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Mo = | O(f) df (3.27) 
—0o 

is the area under the power spectrum and therefore is the mean square value of a signal x(t) or the 

power contained in the signal x(t) within the frequency bandwidth. Also 

h= Tz ( 3.28) 

is the location of the centroid of the power spectrum and thus represents the central frequency of 

the signal. 

Talreja et al. (1984) investigated damage development in graphite-epoxy using ultrasound, 

and the measurements were quantified by using a frequency analysis of the stress wave signals and 

by applying a random signal analysis method based on power spectral moments. The method 

provided an alternative way of analyzing the ultrasonic measurements for quantitative non- 

destructive evaluation of materials. The concept used was that a distribution in a two-dimensional 

space may be characterized by a location parameter, a scale parameter and a set of shape parame- 

ters. For a power spectral density distribution, the parameters were expressed in terms of the 

spectral moments. 

Attenuation of ultrasound 

Attenuation of ultrasound as a function of incident frequency can provide the most significant 

information about the material characteristics. There are no really well-established methods of 

measuring the frequency dependent attenuation of ultrasound. A frequency domain signal proc- 

essing of ultrasonic waves using equally spaced samples can be used to investigate test material 

properties. Even though applications of frequency analysis of ultrasonic wave signal have been 

demonstrated for engineering materials, it has not been applied to the characterization of plant tis- 
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sue materials. However, some techniques are possible within the constraints of ultrasonic sources 

and analyzing instruments. 

Pulse-echo technique 

Pulse-echo systems are widely used for ultrasonic measurement of attenuation properties of 

a material. With this method, at least two back surface echoes (reflections) from the specimen must 

be obtained. An important use of frequency spectrum analysis involves differential analysis of 

successive echoes arising from a single pulse. Each successive time domain echo will be more at- 

tenuated than its predecessor. The portion of the time domain signal that includes the first and 

second echoes are digitized and processed. Attenuation versus frequency is determined by a spec- 

trum analysis of the first and the second echoes by means of Fourier transform. In the frequency 

domain, the ratio of the amplitudes for a series of frequency components forms the basis for de- 

termination of a functional relation between the attenuation coefficient and frequency, a versus f 

Through-transmission method 

Through-transmission measurement of the attenuation coefficient for a material can be used 

when the material is very attenuative and the multiple back surface echoes from the specimen can- 

not be obtained, as in the case of fruit and vegetable tissues. When ultrasonic waves are transmitted 

through the material, the total loss of the ultrasonic energy (including attenuation, reflection and 

coupling loss) can be expressed as follows: 

Ay 
W = 20 log(—-) (3.29 ) 

where 

T the total loss in dB 

Ao = the amplitude of the transmitted energy without test material placed between the 
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transducers 

A = the amplitude of the transmitted energy through the test material. 

The loss due to attenuation is linearly dependent on the thickness of a given material, while 

the reflection loss and coupling loss is independent of the material thickness. Therefore the total 

loss W can also be represented as 

W = ax + B (3.30) 

where 

a = the attenuation coefficient, dB/mm 

x = the thickness of the testing material, mm 

B = the reflection and coupling loss, dB. 

The reflection and coupling loss for a given material and transducers is a constant. Therefore, 

the total losses of ultrasonic energy after travelling through two different distances in the testing 

material are as follows: 

W, = 20 loot $2) = ax; + B (3.31) 

and 

W, = 20 tot) = ax, + B (3.32) 

where 

W, = the total loss after traveling the distance x, 

W, = the total loss after traveling the distance x, 

A, = the signal amplitude received after travelling the distance x; 

A, = the signal amplitude received after travelling the distance x, 

Subtracting equation (3.31) from (3.32) results in 
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A A 
20 loa) — 20 log(F~) = a(x, — x) (3.33) 

results in 

20 log(4,/A9) 
a= ~ Xo — xX, (3.34) 

Therefore, the attenuation coefficient for the material at the given frequency can be calculated 

directly from the amplitudes of transmitted ultrasonic waves through the testing material of two 

different thickness. 

To determine the attenuation coefficient as a function of frequency, broadband ultrasonic 

waves are transmitted into the material and the transmitted ultrasonic signals are converted into 

their respective frequency components by fast Fourier transformation techniques. The frequency 

domain spectra of the two slice specimens of the testing material with different thickness are used 

to construct the functional relation between the attenuation coefficients and the frequencies for the 

material. 

Another aspect of ultrasonic spectroscopy involves selective frequency absorption or trans- 

mission of wide-band ultrasound. Here, instead of measuring attenuation coefficient, the trans- 

mitted frequencies are measured. Such relations are not only significant in the determination of 

optimum frequency response of a material, they are also important in the characterization of ma- 

terials. The aspects of ultrasonic spectroscopy need to be understood and developed further before 

reliability and confidence are established in their applications and interpretations. 
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Chapter 4 

Instrumentation and Experimental Methods 

Experiments were carried out early in this study using an Ultrasonic C-Scanning System 

without much success. The system included a Panametrics ultrasonic pulser/receiver 5O55PR, a 

Sonotek MC-33 3-Axes stepper motor and driver pack, a Sonotek STR*8100 a/d board, a micro- 

computer, and a C-scanning program. Sample tissue slices removed from potatoes and apples of 

thickness 5 — 20 mm were used for the experiment using the immersion technique with water as 

the couplant. High reflection and attenuation of incident sound waves were observed because of 

the acoustic mismatch between water and the plant tissues. No acoustic signal transmission was 

observed when using transducers at frequencies of 500 kHz and 1 MHz. Results obtained from 

these experiments with the C-scan system were insignificant because the image obtained was only 

that of the reflected sound from the surface of the test samples, and this was especially true with 

apple samples. The reasons for the poor acoustical penetration were due to insufficient power level 

of the instrumentation, the inappropriate type of transducers, the coupling method used, and the 

high attenuation property of the plant tissues. Another important disadvantage of the system was 

that it could not be used to test a whole fruit or vegetable, which was an important aspect of this 

study. 
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Ultrasonic Non-destructive Testing System 

Based on the early experiments, another ultrasonic non-destructive evaluation system was 

developed at the Department of Agricultural Engineering for determination of basic acoustical 

properties for fruits and vegetables non-invasively; namely, velocity of wave propagation by 

through-transmission or pulse-echo method, wave attenuation, and reflection or transmission 

spectrum analysis. A schematic diagram of the experiment instrumentation for ultrasonic meas- 

urements including a system for ultrasonic signal analysis is illustrated in Figure 1. The basic setup 

of the system included an Ultran BP 9400A high-power burst pulser, an Ultran BR 640A 

broadband receiver, a Tektronix 2232 digital storage oscilloscope, a pair of dry-coupling 

transducers, and a microcomputer system for data acquisition and analysis. The driving voltage 

from the burst pulser for the transducers was 400 volts with a nominal output impedance of 4 Q. 

The pulse width and separation time between pulses can be adjusted for transducers of different 

frequencies. The ultrasonic equipment was interfaced with the microcomputer through a General 

Purpose Interface Board (GPIB). The ultrasonic non-destructive evaluation system also included 

a signal analysis software, ACQUIRE, which had a function to carry out frequency analysis of ul- 

trasonic waves by means of the Fast Fourier Transform (FFT) techniques. 

The system setup was in the through-transmission mode; i.e., the two transducers were placed 

on the opposite sides of a test material surface, one acting as a transmitter, the other one as a re- 

ceiver. A sample material to be investigated in this study was placed directly between the 

transducers. The burst pulser sent electrical energy bursts into one of the transducers to convert 

the electrical energy to ultrasonic energy. This energy was then available in the form of ultrasonic 

pulses whose amplitude, repetition rate, and duration could be varied at will. The transducer then 

launched a broadband ultrasonic pulse into the material. The ultrasound traveled through the 

material until 1t encountered a boundary or discontinuity in the material. In such cases, a portion 

of ultrasonic energy was reflected. The transmitted ultrasound was received by another transducer, 

amplified and displayed on the oscilloscope screen as real time radiofrequency (rf) traces, from 
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which the time-of-flight (TOF) of the ultrasound through the material could be determined. The 

microcomputer-controlled serial interface GPIB allowed the capture of the signal from the digital 

oscilloscope to the computer and the data were stored on disks for further analysis. 

Two pairs of dry-coupling broadband transducers with frequencies of 250 kHz and 1 MHz, 

respectively, were used in the system. The diameters of the active elements in the transducers were 

6.36 mm (0.25 inch). These dry-coupling transducers can be placed directly on the test material 

surface for efficient ultrasonic energy transmission into the material because a solid, compliant 

transitional layer (matching/protective layer) that was acoustically transparent was incorporated on 

the surface of the active piezoelectric element. This matching/protective layer of soft material, if 

subject to pressure, can adapt itself to the peaks and troughs of the surface of the material, making 

good contact over a large part of the area. Such a soft material may, in effect, be regarded as a 

substitute for liquid couplant. Dry-coupling transducers are best used for characterizing porous and 

liquid-sensitive materials. As discussed in the literature review previously, when a liquid (water) 

was used as a couplant, the attenuation coefficient of fruit and vegetable tissues decreased with time 

due to the entrance of the liquid into the intercellular voids of the tissues. However, there are 

limitations to the dry-coupling transducers. The dry-coupling transducers cannot be slid over the 

surface of a test material. They also cannot be used efficiently if the surface of the material is too 

rough. 

Since the coupling surface of the dry-coupling transducers was sensitive to pressure, it was 

very important to ensure the same pressure applied on the transducers (subsequently on samples) 

for each test. A special sample holding device was designed and built for the transducers and 

samples, as shown in Figure 2. This device held a pair of transducers in line on the opposite sides 

of the test sample. The separation distance between the two transducers could be adjusted to ac- 

commodate various sample sizes. Pressure applied on the sample could be adjusted to a desired 

level and held constant by a cylindrical compression spring arrangement mounted behind the 

transducers. The same pressure was applied to each sample by means of the pressure-indicating 

pointers mounted on the sample holder (see Figure 2). 
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Based on the literature search for this study, no one has transmitted the ultrasonic waves 

through a whole fruit or vegetable, such as a whole potato, with transducers at a frequency as low 

as 50 kHz. Results reported previously were limited to the studies of sample slices of fruits and/or 

vegetables due to the insufficient power of instrumentation and inappropriate transducers. How- 

ever, with the experimental system described above, the ultrasound could transmitted through a 

whole potato tuber with the both sets of transducers. 

Experimental Techniques 

Throughout this study, all measurements, including the velocity of wave propagation and 

attenuation coefficients for tissue samples, were made using the dry-coupling, through-transmission 

mode of the ultrasonic instrument, as shown in Figure 1. Ultrasonic non-destructive testing and 

evaluation (NDTE) were performed by studying the time and frequency domains corresponding to 

the ultrasound transmitted through a test sample — a whole product or a tissue sample cut from 

the flesh of a product. In time-domain ultrasonics, the signal was typically represented on an 

oscilloscope as real time rf traces. The horizontal and vertical axes of such traces represented time 

and amplitude of the transmitted or reflected signals. Material characterization information that 

could be obtained by time-domain ultrasonics included the velocity of waves, elastic properties, 

identification and location of defects, dimensional analysis, etc. However, time-domain analysis 

alone is not always adequate for signals that exhibit complex frequency spectra. Conversion of the 

time-domain ultrasonic signals into its frequency domain coordinates by means of FFT generated 

the frequency domain signals. Frequency domain ultrasonics also provided means for attenuation 

analysis of the testing material. 

In addition to the ultrasonic measurement, an Instron Universal Testing Machine (Model 

1123) was used to determine the modulus of elasticity of the acoustically tested fruits and vegetables. 
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Products and test specimens 

In the preliminary tests of this study, a wide variety of fruits and vegetables were tested on 

the system to investigate their potential for quality evaluation using ultrasound. As a result of the 

preliminary tests, two products were selected for more detailed study in this research — potatoes 

and apples. Potatoes and apples are two of the major products on the fresh fruit and vegetable 

market and their quality evaluation is of great importance. Three varieties of apples, ‘Red Deli- 

cious’, ‘Golden Delicious’ and ‘Granny Smith’, and two varieties of potatoes, ‘Yukon-Gold’ and 

‘Atlantic’ were used in this study to investigate their physical and acoustical property changes with 

time. Among them, ‘Atlantic’ potatoes were used for the investigation of hollow heart detection 

in these potatoes using the ultrasonic non-destructive testing system. Detection of hollow hearts 

in potatoes non-destructively was one of the major objectives in this study. 

The physical and acoustic properties evaluated for the selected products were made using 

cylindrical specimens removed from the flesh of fruits and vegetables. Determination of the speci- 

men size was based on (1) the type of product, (2) the product size, (3) the requirement to validate 

plane wave propagation — the diameter of a cylindrical specimen should be several times greater 

than the wavelength at a chosen frequency. A cylindrical specimen 20.6 mm in diameter was ob- 

tained from a product along the pre-determined orientation with a small cork-boring machine and 

a sharp cylindrical cutting tool. The cylindrical specimen was then trimmed to a pre-determined 

initial length, the size of which was dependent upon the type of the product, and weighed. Special 

care was taken for apple samples, the size of which was determined so that the core area was ex- 

cluded. The length and diameter were then measured with a micrometer. The orientations along 

which the cylindrical samples were taken for potatoes and apples were chosen as two mutually 

perpendicular directions; i.e., longitudinal and transverse for potatoes, and longitudinal and radial 

for apples. The cylindrical sample taken along the longitudinal axis of a product will be referred 

as a “longitudinal sample”, the cylindrical sample taken along the transverse direction of a product 

wul be referred as a “transverse sample”, and so forth. 
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Determination of ultrasonic velocities 

Ultrasonic velocities were determined by using cylindrical samples removed from a product 

along different orientations (longitudinal, radial, or transverse), depending upon the type of the 

product. A sample was placed directly between the two transducers and aligned along the center 

line of the sample and the transducers. The sample holder described previously was used to hold 

the sample between the transducers applying the same pressure for each measurement. 

Pulsed ultrasound was used to measure TOF by the dry-coupling, direct-transmission 

method. Measurements of TOF corresponding to the known distance traveled by ultrasonic signal 

was made from the Tektronix 2232, a 100-MHz digital storage oscilloscope. Velocity measurements 

were made as shown in Figure 3. The ultrasonic pulse left the transducer at the same instant the 

sweep of the oscilloscope was started, entered the sample, travelled through the sample with certain 

velocity and reached the other side of the sample after a certain time where the signal was picked 

up by another transducer. The received signal was amplified and displayed on the oscilloscope 

screen. While the ultrasonic pulse traveled through the sample the sweep of the oscilloscope ad- 

vanced across the screen, visible as a straight line, as shown in Figure 3, until the pulse reached the 

receiving transducer whose output deflected the sweep vertically. A calibrated time scale of the 

oscilloscope was used to determine the TOF between the departure of ultrasonic pulse from the 

transmitting transducer and its arrival at the receiving transducer. One of the two cursors on the 

oscilloscope screen was placed at the departure point of the sweep to indicate the zero point from 

where TOF corresponding travel distances of test samples were measured. The other cursor was 

placed at the end of the sweep, and the TOF for the test sample was displayed on the screen of the 

oscilloscope. From the knowledge of the sample thickness and the TOF difference, the velocity in 

the sample could be calculated. 

The cylindrical sample was serially shortened to the pre-determined thicknesses, and the 

TOFs for the sample at different thicknesses were measured using the method described above. 

The series of sample size used for ultrasonic velocity determination was 24, 17, and 10 mm for 
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potatoes, and 17, 12, and 7 mm for apples. A simple linear regression method was used to deter- 

mine ultrasonic velocity using the time-of-flight information versus varying sample thicknesses as 

shown in Figure 4. The dependent variable was the TOF while the sample thickness was the in- 

dependent variable. 

t= mx+b (4.1) 

where 

t = time-of-flight 

x = sample thickness 

m = slope of the regression line 

b = regression constant. 

The average velocity of the sample under the investigation was equal to the inverse of the 

slope of the regression line; ie., Velocity = 1/m. The interception value, 5, was the time offset 

needed to account for thickness of transducer dry-coupling layers and other timing errors inherent 

in the measurement. 

Determination of attenuation coefficient 

The pulse-echo method is widely used for ultrasonic measurement of attenuation properties 

of a material. However, this method could not be used for highly attenuative materials such as fruit 

and vegetable tissues since it is very difficult to obtain multiple echoes in these materials. Therefore, 

the through-transmission method was used. 

The key to the success of attenuation measurement using the through-transmission method 

with the dry-coupling transducers was to apply the same pressure on transducers each time when 

a measurement was made. Therefore the sample holding device was adjusted carefully so that the 

transducers applied the same pressure on the test samples for each measurement. 
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Frequency dependent attenuation: 

The measurement of attenuation coefficients as a function of frequency was made in con- 

junction with velocity measurements. To determine the attenuation coefficient for a product by 

using through-transmission method, the cylindrical samples were shortened serially to different 

thicknesses. The time domain ultrasonic signals obtained for velocity measurements were now 

captured by the microcomputer through the GPIB interface. The digital ultrasonic signals were 

then converted into their respective frequency components by a spectrum analysis using the FFT 

technique. Two frequency domain spectra obtained from a sample at two different thicknesses were 

then used to determine attenuation coefficients at different frequencies by comparing the signal 

amplitudes at these frequencies. The attenuation coefficient was determined using 

_ 20 log(Ay/1Ay) 
af x7 _ X] ( 4.2) 

where 

ar = attenuation coefficient in dB/mm at frequency f 

Xx} sample thickness in mm for the first measurement 

Ay = the amplitude at frequency / after travelling the distance x 

X2 sample thickness in mm for the second measurement of the same sample 

Az = the amplitude at frequency f after travelling the distance x. 

After finishing the calculation of attenuation coefficient at different frequencies, equation (3.9) 

was fitted, and «) and 7 were calculated for the sample. 

Apparent attenuation coefficient: 

In some cases, the attenuation coefficient was calculated by simply comparing the peak am- 

plitudes of transmitted ultrasonic signals in time domain at two different sample thicknesses in 

terms of the nominal frequency of a transducer. This method is acceptable if the transducer is 
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narrow-band. However, if the transducer is broadband, the ultrasonic energy is spread over a fre- 

quency spectrum in the pulse excitation. In such cases, simple comparison of the amplitudes of 

transmitted ultrasonic signals at different thicknesses may be more precisely considered as “apparent 

attenuation coefficient” of the wave at the nominal frequency for the tested product, since atten- 

uation coefficient changes with frequencies. The advantages of using the apparent attenuation co- 

efficient are that the calculation of the apparent attenuation coefficient is much simpler and easier 

than the calculation of frequency dependent attenuation. The apparent attenuation coefficient can 

provide useful information of the attenuation property changes of a material under investigation for 

comparison purpose on a relative basis, as long as the information on transducers and test condi- 

tions are given. However, the information obtained in this way is limited to a specific set of test 

conditions, and this must be kept in mind when the information is to be used to compare results 

obtained under other test conditions. A mere statement of attenuation without reference to fre- 

quencies is highly misleading. In this study, the apparent attenuation coefficient was determined 

for the tested products using the transducers described previously. 

The apparent attenuation coefficient for a test sample was obtained by comparing the maxi- 

mum amplitudes of the transmitted ultrasonic signals in time domain at two different lengths: 

A, 
20 log 7 - 

2 (4.3) 
ta X7 = Xy 

where 

% = apparent attenuation coefficient in dB/mm 

x, = sample thickness in mm for the first measurement 

A, = the peak amplitude of the signal after traveling the distance x, 

X2 = sample thickness in mm for the second measurement of the same sample 

A, = the peak amplitude of the signal after traveling the distance x. 
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Tissue density 

The sample tissue density measurement for a tested product was made using the same sam- 

ples as used for measuring its modulus of elasticity. Following the tests for acoustic measurements, 

a cylindrical section of 20.6 mm in diameter was removed from the flesh of the acoustically tested 

product. The sample was weighed, its dimension measured and its density calculated. The density 

measurement was made immediately after the acoustic measurement and before the modulus of 

elasticity measurement. 

Modulus of elasticity 

Modulus of elasticity is defined as the ratio of stress to strain within the elastic range of a 

material. Modulus of elasticity has been used to indicate fruit and vegetable firmness which is an 

important texture attribute in fruits and vegetables in connection with the quality evaluation during 

storage for fresh market as well as prior to processing. Therefore, precise objective measurements 

of flesh firmness were necessary to confirm the relation between ultrasonic response characteristics 

and internal texture quality of fruits. In this study, modulus of elasticity was determined by uniaxial 

compression of the cylindrical sample immediately after the acoustic measurements using the 

Instron universal testing machine described previously. 

Biological materials such as fruits and vegetables usually do not satisfy the criteria for an 

elastic material. The real modulus of elasticity for an elastic material is defined as the slope of a 

stress-strain curve for small strains and requires a complete recovery of strains upon removal of 

stress. However, it was difficult to determine the slope in this region of a stress-strain curve for 

fruits and vegetables because the curve is non-linear. The presence of moisture in the plant tissues 

offers little resistance to shear stresses causing relatively large deformations in response to small in- 

itial stresses. The curve shape is also affected by the non-parallel surfaces of the test sample and 
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the existence of the plastic deformation. In these materials, there is always some residual defor- 

mation remaining after the first loading and unloading cycles even for very small strains. Therefore, 

modulus of deformability or apparent elastic modulus (representative of the Young’s modulus of 

elasticity for visco-elastic materials) was used to approximate the linear portion (slope) of the 

stress-strain curves obtained with the Instron universal testing machine without accounting for the 

changes in the ratio of stress to strain during unloading process. In this study, the apparent 

modulus was used to approximate the modulus of elasticity of tested fruits or vegetables and the 

words “modulus of elasticity” and “apparent Young’s modulus” was used interchangeably. 

Following the tests for acoustic measurements, the modulus of elasticity of apples and pota- 

toes was determined by means of the constant speed uniaxial compression test of cylindrical sample. 

The cylindrical samples of potatoes and apples used for density measurement were now used to 

determine the modulus of elasticity of the product. The height of the sample for determination of 

the modulus of elasticity was 20 mm for potato tissue, and 17 mm for apple tissue. The Instron 

universal testing machine for these tests was adjusted to provide a rate of deformation of 20 

mm/min. The cylindrical sample was loaded between the parallel compression plates, one of which 

was driven at the constant speed to compress the sample. The plate traveled until the sample 

fractured. The force-deformation curve was plotted directly on a chart, and at the same time the 

data were digitized and captured by a microcomputer and stored on disks for later analysis. From 

the linear portion of the force-deformation curve, modulus of elasticity (apparent Young’s modulus) 

was determined using the following expression: 

E = a (4.4) 

where 

F = applied force 

= original cross-sectional area of the sample 

Al = deformation corresponding to F 

/ = initial length of the sample. 
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Determination of physiological effects 

Any mechanical and acoustical properties evaluated for an agricultural product is associated 

with a particular stage of the living process of the material, such as maturity level. Therefore, the 

properties must be evaluated for the same product at various stages in order to specify completely 

its mechanical and acoustical behavior. 

Physiological changes of potatoes 

‘Yukon-Gold’ potatoes, provided by local farmers in Virginia, were used in this study to 

evaluate the physical and acoustic property changes during storage. The potatoes were harvested 

on 9/13 and 9/14/91, and left at room temperature for curing until 10/2/91, after which they were 

placed in a 1° — 2°C storage room until testing. The relative humidity of the storage room was 

controlled in the range of 90 — 95% to keep potato shrinkage low. The potatoes were removed 

from the cold storage room 24 hours prior to the tests to allow them to reach room temperature. 

The measurements were conducted with both 250-kHz and 1-MHz transducers using cylindrical 

specimens removed from the potato tissues. Six groups of tests were carried out serially on a regular 

basis with ten potatoes tested each time to examine the acoustic and mechanical property changes 

during storage of potatoes. The first experiment was conducted on 10/1/91, one day before the 

potatoes were put into the storage room, and the other experiments were carried out on 10/23/91, 

11/19/91, 12/17/91, 1/14/92, and 2/11/92. Ultrasonic velocities and attenuation coefficients were 

determined each time using cylindrical samples taken along two orientations of the tested potatoes 

— longitudinal and transverse. Modulus of elasticity and density were also determined each time 

for the same group of potatoes using the Instron universal testing machine. 
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Physiological changes of apples 

Cylindrical samples cut from apple tissues were used to investigate the acoustic and physical 

property changes with ripeness. The three varieties of high quality fresh apples, ‘Golden Delicious’, 

‘Red Delicious’, and ‘Granny Smith’, were purchased from a local grocery store, thus their storage 

history before the purchase was unknown. The ultrasonic velocities and attenuation coefficient 

were determined using the dry-coupling through-transmission method with the 250-kHz and 

1-MHz transducers. Modulus of elasticity and density were also determined for the apples. All the 

measurements were made using cylindrical samples removed along the the longitudinal and radial 

directions of the apples. Two groups of measurement were made with the apples — the first 

measurements were made immediately after the apples were purchased, and the second measure- 

ments were made ten days later with the same groups of apples, which were kept at room temper- 

ature. 

Detection of hollow hearts in whole potatoes 

An objective of this work was to develop a quantitative, non-invasive method for hollow 

heart detection in potatoes and to provide information for designing evaluation equipment which 

could serve as an automatic quality control step in the production process. In the preliminary study 

of the acoustic behavior of a potato with and without a hollow heart, a simulated hollow heart in 

a normal potato was made in the laboratory. Ultrasonic waves were first transmitted through a 

normal potato tuber, and the transmitted signal was recorded. Then a cylindrical section of flesh 

approximately 10 mm in diameter was removed from the potato into its center using a cylindrical 

cork cutter. Small hole gages were then used to make a cavity in the center of the potato by 

mashing the flesh. The mashed part of flesh in che center of the potato was sucked out by a vacuum 

pump. The cylindrical section of potato flesh was then put back into the cylindrical hole and sealed 

with wax. This potato, with simulated hollow heart, was tested again in such a manner that the 

Instrumentation and Experimental Methods 63



ultrasonic waves would transmit through the cavity and the transmitted ultrasonic signal was re- 

corded. The transmitted ultrasonic signals for both cases were obviously different, as shown in 

Figure 5 and Figure 6. The results of the preliminary study clearly indicated that ultrasonic tech- 

niques could be used to detect hollow hearts in potatoes. Therefore the objective of detecting 

hollow heart in potatoes was pursued further. 

‘Atlantic’ potatoes, provided by Midwest Potato Research Laboratory in Minnesota, were 

used in this study for hollow-heart detection. The potatoes were stored in the cold storage room 

described earlier until testing. They were removed from the storage room 24 hours prior to the tests 

to allow them to reach room temperature. The potatoes were then numbered randomly, weighed, 

and their dimensions measured. The volume of a potato was determined using platform scale 

method (Mohsenin, 1985). A container with water was first weighed on a scale. The potato was 

weighed on the scale in air and then weighed again, submerging in the water, with the container. 

The second weight reading with the potato submerged in water minus the weight of the container 

and water was the weight of the water displayed by the potato. The volume of the potato was then 

determined using the following expression: 

Weight of displaced water (gram) 

Weight density of water (gram|cm’) 

  Volume (cm?) = (4.5) 

The potatoes were then tested by ultrasonic waves using the 250-kHz transducers. The po- 

tatoes were oriented so that the ultrasound passed through the shortest dimension of the potatoes. 

The transmitted ultrasonic signal through a whole potato under test was displayed on the digital 

oscilloscope. The digital data were then acquired by means of the microcomputer-controlled serial 

interface GPIB and saved on disks for further analysis. 

Frequency analysis techniques have shown unique abilities for classifying internal anomalies 

in homogeneous materials. Similarly, frequency analysis may be useful for predicting internal 

quality defects non-invasively. Even though applications of frequency analysis of ultrasonic wave 

signals have been demonstrated for engineering materials, it has not been applied to the character- 

ization of plant products, such as fruits and vegetables. 
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In this study, ultrasonic measurements obtained from ‘Atlantic’ potatoes for hollow heart 

detection were quantified by using the frequency analysis of the transmitted ultrasonic signals and 

by applying a signal analysis method based on power spectral moments. The power spectrum for 

each tested potato was calculated using the FFT technique. The windows used for carrying out the 

FFT was started from the leading edge of transmitted signals with duration of 250 us. The 0” 

moment of the power spectrum (Mp, see equation 3.27), which was the area under the power 

spectral density curve, was calculated for each tested potato by numerical integration method. 

Therefore, the ultrasonic measurement for hollow heart detection was quantified in terms of the 

amount of power transmitted through a whole potato. 

After finishing the ultrasonic non-destructive evaluation, the tested potato was cut open along 

the longitudinal axis, parallel to the flat side, and examined carefully for internal defects. The actual 

size of the hollow heart, if present, was represented by measurements of two maximum cross- 

sectional dimensions and the total depth (the total depth was the sum of the maximum depth of 

the hollow heart measured on the two matching halves). Its volume was determined to the nearest 

0.1 ml with water delivered from a 25-ml pyrex buret. Then cylindrical samples were taken from 

the tissue of the potato to determine its ultrasonic velocities, modulus of elasticity, and tissue den- 

sity. Both velocity and modulus of elasticity measurements were made along longitudinal and 

transverse directions of the potatoes. 
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Chapter 5 

Results and Discussion 

Preliminary experiments were conducted with tissue samples and whole products. This early 

phase of the study involved selection and re-evaluation of acoustic excitation and detection devices, 

coupling methods, proper frequency range, and signal analysis methods for detection of internal 

properties of agricultural products. The preliminary results led to the development of the ultra- 

sonic, non-destructive evaluation system and signal analysis system. These systems were then used 

later in the experimental work and studies of quality of selected fruits and vegetables. 

Selection of Fruits and Vegetables for Testing 

A wide variety of fruits and vegetables was preliminarily studied to define their potential for 

quality evaluation using ultrasound. Ultrasonic waves could not be transmitted through most of 

the whole fruits and vegetables, such as melons, cucumbers, bananas, apples, tomatoes, avocados, 

pears, and peaches due to high attenuation properties of their tissues. Some of these products have 

void space or a core, which also contributed to poor or lack of transmission of ultrasonic waves 
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through them. However, sound waves could be transmitted through sliced sample tissues of these 

fruits and vegetables up to 20 mm thick at the power levels used so that the ultrasonic parameters 

could be determined for these fruits and vegetables. For a whole kiwi fruit, the transmitted ultra- 

sonic signal was too weak to allow meaningful interpretation of it; also the pressure applied on the 

fruit for holding the transducers in contact with the fruit tended to bruise it. Nevertheless, the ul- 

trasonic waves were successfully transmitted through a whole potato tuber with the both sets of the 

transducers — 250 kHz and 1 MHz. Asa result of these preliminary studies, potatoes were chosen 

for internal quality evaluation using the ultrasound. Apples were used to investigate their acoustical 

and physical properties with ripeness, using cylindrical samples, among the fruits and vegetables 

which did not transmit the ultrasonic waves through them. 

Physiological Changes of Tested Fruits and Vegetables 

Ultrasonic propagation parameters, such as velocity and attenuation, are dependent on the 

physical properties of the material through which the sound passes. Therefore, investigation of 

these parameters could provide important information about material properties. Modulus of 

elasticity and density were also determined for the tested fruits and vegetables as important texture 

attributes in connection with the acoustic quality evaluation. 

Physiological changes of ‘Yukon-Gold’ potatoes during storage 

“Yukon-Gold’ potatoes were studied to determine their physical and acoustical property 

changes during a storage period of approximately five months. The experimental results for all the 

tested potatoes at the different times are listed in Appendix A, which includes ultrasonic velocity, 

modulus of elasticity and apparent attenuation coefficient. The analysis of variance tables for the 
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results can be found in Appendix C. Appendix C also listed the analysis of variance tables for other 

products tested in this study. If calculated F value is larger than Fo.92s, the observed significance level 

(OSL) is less than 0.05, the F test is considered significant at the 5 percent level. 

Changes of velocity and modulus of elasticity 

The mean values of ultrasonic velocities and moduli of elasticity measured along the two 

different orientations for 10 potatoes in each test are presented in Figure 7 and Figure 8, respec- 

tively. It was found that there was no significant difference, statistically, between the ultrasonic 

parameters measured using the two different sets of transducers — 250 kHz and 1 MHz. The reason 

for this is that these transducers used for these measurements were broadband transducers, and this 

will be further discussed later in this section. 

It can be seen from Figure 7 and Figure 8 that mean ultrasonic velocities and mean elastic 

moduli increased slightly with storage time for the first four groups of tests. The mean velocities 

and the mean elastic moduli started declining for the last two groups of tests. This suggested that 

during the first two to three months of storage, the potatoes did not lose any tissue firmness but 

rather firmness increased slightly. After two to three months, the firmness of potatoes started to 

decrease due to the loss of moisture in the tissue. The changes of the mean ultrasonic velocities 

and the mean moduli of elasticity were significant during the storage period, as indicated in Ap- 

pendix C. 

Potatoes usually undergo a dormant period of several months after they are harvested. The 

dormant period has sometimes been referred to as a period of “after-ripening” necessary before 

growth can be resumed. During the dormant period, potato respire, giving off heat, moisture and 

carbon dioxide. Potatoes lose moisture in storage whenever the relative humidity is below 100%. 

However, there is no obvious difference in the appearance of the tuber until over 5% of the weight 

is lost. The ‘Yukon-Gold’ potatoes were stored at 90-95% relative humidity which kept the potato 

shrinkage low. At the same time, the potatoes were kept at low temperatures keeping respiration 

rate low, too. Asa result, both water loss and dry matter loss were low during the storage period. 
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This was evidenced by the fact that tissue density measured for these potatoes changed little during 

the storage period. The average readings of tissue density for each test group are listed in Table 1. 

The average density reading for each test was obtained using 10 potatoes with two samples (one 

longitudinal and one transverse) from each potato. 

Table 1. Density changes of ’Yukon-Gold’ potatoes during storage 

  

Experiment date | 10/01/91 | 10/23/91 | 11/17/91 | 12/14/91 | 01/10/92 | 02/13/92 
Density (g/cm) 1.074 1.075 1.077 1.078 1.080 1.079 
  

                  

The differences between the elastic moduli measured along the two different orientations, 

longitudinal and transverse, were found statistically significant. The elastic moduli measured using 

longitudinal samples of potatoes were generally greater than those measured using transverse sam- 

ples of potatoes. Although the differences between the velocities measured along the two orien- 

tations did not differ significantly statistically, the average velocity measured using longitudinal 

samples was consistently greater than that measured using transverse samples for each group of test. 

These results suggested that potato tissues may not be isotropic material. The changes of ultrasonic 

velocity and modulus of elasticity during the storage period followed the theoretical relationship 

between the two, that is, ultrasonic velocity increased with the increase of modulus of elasticity. 

The nonsignificant interaction between time and orientation for velocity measurement indicated 

that the changes of the velocity along the longitudinal direction at different time were approximately 

the same as that of the velocity along the transverse direction of the potatoes. Similarly, the non- 

significant interaction between time and orientation for modulus of elasticity measurement indicated 

that the changes of modulus of elasticity determined using longitudinal samples at different time 

were approximately the same as that of modulus of elasticity determined using transverse samples 

of the potatoes. 
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Changes of attenuation properties 

Figure 9 is the typical plot of frequency dependent attenuation of “"Yukon-Gold’ potatoes 

determined using equation (4.2). The frequency spectra for calculating this curve were obtained 

utilizing one longitudinal sample at two different lengths of 17 mm and 10 mm with the 1-MHz 

transducers. It can be seen that as frequency increased, attenuation coefficient also increased ex- 

ponentially. However, the frequency range for the frequency dependent attenuation curve was 

narrow due to the high attenuation of the potato tissue at higher frequencies, as shown in Figure 

14. The frequency components higher than 250 kHz transmitted too little to allow meaningful 

calculation. In fact, the potato tissue was functioning as a low-pass filter — only lower frequency 

components could pass through it and the higher frequency components were filtered out (atten- 

uated) on the path. One possible way to overcome this problem in determining frequency de- 

pendent attenuation for fruit and vegetable tissues is to use small sample thickness so that higher 

frequency components could pass through the sample. 

Calculation of frequency dependent attenuation was much more complicated and time- 

consuming than for apparent attenuation coefficient. In addition, the bandwidth of transmitted 

ultrasonic signals through many samples was too narrow to provide accurate information about 

attenuation changes during the storage period. Therefore, apparent attenuation coefficients were 

calculated for each tested potato and used to determine the changes of attenuation during the stor- 

age period on a relative basis. Figure 10 is the plot of the mean values of apparent attenuation 

coefficients measured for 10 samples in each test with the 250-kHz transducers. The results of ap- 

parent attenuation coefficients for all the potatoes tested can be found in Appendix A. The analysis 

of variance table in Appendix C showed that the changes of the apparent attenuation coefficients 

were highly significant statistically. As illustrated in Figure 10, apparent attenuation coefficients 

decreased during the whole storage period except for the test conducted on 1/14/92, when the ap- 

parent attenuation coefficients had greater values than that of the previous test. 

Because materials are more attenuative at higher frequencies, it was expected that the appar- 

ent attenuation coefficients obtained with the 1-MHz transducers would be greater than that ob- 
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tained by using the 250-kHz transducers. However, as indicated in Appendix A, the apparent 

attenuation coefficients obtained by both types of transducers showed little difference. In fact, the 

statistical analysis in Appendix C showed that there was no significant difference between the ap- 

parent attenuation coefficients measured by different transducers. The reason for this will be dis- 

cussed later in this chapter. The analysis of variance table in Appendix C also indicated that there 

was no significant interaction between time and orientation for apparent attenuation coefficients; 

i.e., the changes of apparent attenuation coefficients measured using longitudinal samples were ap- 

proximately the same as that of apparent attenuation coefficients measured using transverse sam- 

ples. 

Physiological changes of apples 

The ultrasonic velocities and apparent attenuation coefficients for apples were determined for 

the tested apples using the 250-kHz and 1-MHz transducers. Two groups of measurements were 

conducted for the apples. The first measurements were made immediately after the apples were 

purchased, and the other measurements were made ten days later with the same groups of apples, 

which were kept at room temperature to ripen. This experiment provided information on the sig- 

nificance of aging effects of different varieties of apples. Several physical and biochemical changes 

are associated with ripening of apples, such as decreasing chlorophyll content of the peel, the sof- 

tening of tissues, and conversion of some starch into sugars. Values of modulus of elasticity, ve- 

locity and apparent attenuation coefficient obtained for the apples after aging were compared with 

the values obtained in the first experzment. When the 1-MHz transducers were used, some of the 

transmitted ultrasonic signals were too weak to allow accurate measurement. The ultrasonic ve- 

locity results and apparent attenuation coefficients presented here were obtained with the 250-kHz 

transducers. 

Decreasing firmness (softening) of the apple tissue is illustrated by declining mean ultrasonic 

velocities with all three varieties of apples in both directions, as shown in Figure 11, which is a plot 
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of mean ultrasonic velocities before and after ripeness. The firm (fresh) apples had a relatively high 

sound velocities, while the soft (ripe) apples had a much lower sound velocities. The changes of 

mean modulus of elasticity of the apples is plotted in Figure 12. Corresponding to the changes of 

ultrasonic velocities, it can be seen that the characteristics of modulus of elasticity change are similar 

to that of velocity changes. The modulus of elasticity also decreased as the apples became more 

ripe for all three varieties in both directions. On the other hand, the apparent attenuation coeffi- 

cients of apple tissues increased after 10 days, as is presented in Figure 13, with all three varieties 

in both directions. The results for all the apples tested can be found in Appendix B, and statistical 

analysis in Appendix C. 

It can be seen that there was a significant difference between the measured ultrasonic pa- 

rameters for the fresh and soft fruits. For example, the initial mean ultrasonic velocity measured 

using the longitudinal samples of ‘Red Delicious’ apples was 140.9 m/s. Ten days later, the mean 

ultrasonic velocity declined to 117.6 m/s, indicating approximate a 17% reduction in the velocity. 

Similarly, ‘Golden Delicious’ and ‘Granny Smith’ apples had approximately 22% and 16% re- 

duction in their velocities measured using longitudinal samples, respectively. The modulus of 

elasticity also declined significantly for the tested apples. Hydrolysis of starch to sugar during 

ripening could cause an increase in osmotic pressure in fruit tissue. An increase in osmotic pressure 

is usually associated with a decrease in turgor pressure which may account for softening during 

ripening and would cause the elastic modulus to decrease. 

The ultrasonic velocities determined using radial samples were found to be significantly larger 

than that determined using longitudinal samples, while the apparent attenuation coefficients meas- 

ured in radial sections were found significantly lower than that measured in longitudinal sections. 

This suggested that the physical structure and properties of apple tissues are different along these 

two orientations. And in fact, the modulus of elasticity measured in radial sections was found to 

be greater than that measured in longitudinal sections, as indicated in Figure 12. The observations 

of ultrasonic parameter changes in this experiment are consistent with equation (3.10); 1e., ultra- 

sonic velocity increases with the increase of modulus of elasticity. 
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The interactions between time and orientation for both ultrasonic velocity and modulus of 

elasticity were significant statistically, as shown in the analysis of variance tables in Appendix C. 

The significant interactions indicated the difference in magnitude of change for both velocity and 

modulus of elasticity during the test period along different orientations, even through the direction 

of change was the same along these orientations. The analysis of variance table for modulus of 

elasticity of apples also showed significant interaction between variety and time; i.e., the change rate 

of modulus of elasticity for the three varieties of apples were different during the test period. For 

example, the modulus of elasticity measured from longitudinal sections of ‘Red Delicious’, ‘Golden 

Delicious’, and ‘Granny Smith’ had approximately 27%, 18%, and 14% reduction in their firmness, 

respectively. Despite the significant interactions between different factors for velocity and modulus 

of elasticity measurements, the attenuation measurement did not show significant interactions be- 

tween the factors. 

The ultrasonic velocity for the tested apples was found to be relatively low, in the range of 

approximately 100 — 250 m/s. The result was in agreement with previously reported values in ap- 

ples using other measuring methods (Garret and Furry, 1972, Mizrach et al, 1989). Lack of fibers 

and the large intercellular air spaces in apple tissue could be the reason for that low sound velocity. 

Potatoes do not have a clear fibrous structure either, but only 2% intercellular air space allowed 

much higher ultrasonic velocity. 

Problem discussion 

The results from potato and apple tests indicated that the ultrasonic measurements were 

sensitive enough to detect physiological changes and physical heterogeneity in fruit and vegetable 

tissues. If one assumes that the ultrasonic velocity can be used as an storage index for the products 

tested, the observed change profile of elastic moduli and apparent attenuation coefficients was 

consistent with the velocity changes. This agreement indicates that the ultrasonic velocity meas- 

urement can be used to predict changes of modulus of elasticity of a product during storage period, 
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as indicated by equation (3.10), and thus may be used to evaluate physical property changes, such 

as firmness as well as textural and rheological property changes. 

However, equation (3.10) is valid for homogenous, isotropic and linearly elastic material, 

while fruits and vegetables are not real elastic, homogenous or isotropic. Although the average 

values of measured ultrasonic velocities agreed with the average values of elastic moduli for potatoes 

and apples fairly well, the measurements for each individual product did not always follow the same 

profile, as indicated in Appendix A and Appendix B. While it may be reasonable to consider apple 

and potato tissues homogeneous, the tissues certainly are inhomogeneous as indicated by the non- 

uniform distribution of intercellular spaces and strands of vascular tissue. The apple tissues, as well 

as potato tissues, are visco-elastic rather than elastic material. The cells, intercellular spaces, and 

vascular tissues tend to be radially oriented in apples. This orientation may introduce some 

anisotropy as indicated by the experimental results. The results for the potatoes tested also indi- 

cated that potato tissues may not be isotropic material. An acoustic measurement was conducted 

using a portion of a product subject to very small strains and stresses (non-destructive testing), 

while the corresponding static compression measurement was done using another portion of the 

product at much larger strain and stress levels; the acoustic measurement was done dynamically 

while the modulus of elasticity was determined under the quasi-static conditions. Furthermore, the 

measurements of physical (or chemical) attributes of fruits and vegetables generally encounters the 

problem of variability. The fairly large variations in texture between different portions of a single 

product made it difficult to relate the acoustic measurement with the modulus measurement for that 

product. As a result, the acoustically measured velocity and statically measured modulus did not 

always match exactly according to equation (3.10). Therefore, equation (3.10) can only be used to 

provide an understanding of acoustic behavior of the tested fruits and vegetables. It cannot be used 

to verify the numerical results from the experiments. From a practical point of view, thus, the 

empirical relationship between ultrasonic measurements and physical properties of potatoes and 

apples needs to be explored in further studies. This relationship may not necessarily follow the 

theoretical models. 
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Frequency analysis for potato and apple tissues 

In order to analyze the frequency content of transmitted signals through a potato sample, the 

frequency spectra for a longitudinal sample of 17 mm in length with both sets of transducers were 

plotted in Figure 14. It can be seen from Figure 14 that the frequency components higher than 250 

kHz transmitted little, regardless which pair of transducers were used. 

It was expected that the apparent attenuation coefficients obtained using 1-MHz transducers 

for ‘Yukon-Gold’ potatoes would be greater than that obtained using 250-kHz transducers. How- 

ever, the experimental results indicated that the apparent attenuation coefficients obtained using the 

two different sets of transducers were approximately of the same magnitude. The analysis of vari- 

ance table for apparent attenuation coefficients of “Yukon-Gold’ potatoes in Appendix C showed 

that there was no significant difference between the apparent attenuation coefficients determined 

using the two different sets of transducers. The reason for this was that these transducers were 

broadband transducers, and the ultrasonic energy was spread over the frequency spectrum, although 

their center frequencies were different. As shown in Figure 14, the frequency content transmitted 

through the sample for the two sets of transducers was approximately same, even though the signal 

amplitude of 250-kHz transducers was much greater than that of 1-MHz transducers. Therefore, 

when the broadband ultrasonic signals were launched into a sample tissue, the higher frequency 

components were filtered out and could not pass through the sample. Only the lower frequency 

components were transmitted through the sample, no matter which pair of transducers was used. 

The apparent attenuation coefficients were calculated by merely comparing the peak amplitude of 

transmitted ultrasonic signals in time domain without referring to a specific frequency. Conse- 

quently, the apparent attenuation coefficients measured using the two sets of transducers had no 

significant difference, since they were essentially evaluated at similar frequencies. 

It was also expected that apparent attenuation coefficients for apple tissues would be greater 

than that for potato tissues due to the much greater air percentage presented in apple tissues. Yet 

the experimental results showed that the apparent attenuation coefficients were about same for both 
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apple and potato tissues, as indicated in Appendix A and Appendix B. The reason for this is similar 

to the problem discussed in the last paragraph. As discussed earlier, when a broadband ultrasonic 

signal was transmitted through a sample tissue, the higher frequency components were attenuated 

more quickly than the lower frequency components. A frequency spectrum of an apple sample of 

17 mm in length is presented in Figure 15, using the 250-kHz transducers. From the frequency 

spectrum it can be seen that only frequency components lower than 75 kHz passed through, which 

is much lower than that for the potato sample of same size, and the transmitted frequency range 

was very narrow. This suggested that the attenuation of apple was actually much greater than that 

of potato tissue, which was expected since apple tissue contains about 24% intercellular void space 

as compared to 2% for potato tissues. As a result, the apparent attenuation coefficients for apple 

tissues were actually calculated at lower frequencies than that for potato tissues, and the resulted 

apparent attenuation coefficients for apple tissue were relatively low. 

The frequency analysis of transmitted ultrasonic signals for potatoes and apples suggested 

that these products had very high attenuation at high frequencies because of the porous nature of 

their tissues. The existence of more than one phase in a medium means that apart from the ab- 

sorption occurring in the separate phase, there will also be a contribution to the attenuation 

produced by scattering effects. The results of the frequency analysis of transmitted ultrasonic signals 

could provide useful information for selecting specific optimum frequencies to be used in ultrasonic 

quality evaluation of these products. 

Detection of hollow hearts in ‘Atlantic’ potatoes 

The hollow hearts in ‘Atlantic’ potatoes were successfully detected using the 250-kHz 

transducers. Hollow hearts were usually found in the center of a potato tuber producing a cavity 

with little discoloration of the surrounding tissue. Tissue lining the cavity was either uncolored or 
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of some degree of tan. The analysis of the transmitted ultrasonic signals through the potatoes was 

carried out in both time and frequency domain. 

Time domain signal analysis 

Figure 16 and Figure 17 are plots of transmitted ultrasonic signals through a typical normal 

potato and one with hollow heart, respectively. The transmitted time-domain ultrasonic signals and 

corresponding frequency spectra for all the tested potatoes can be found in Appendix D. 

The characteristics of transmitted ultrasonic signals through a normal potato and a hollow 

heart potato in time domain were obviously different, as shown in Figure 16 and Figure 17. The 

transmitted ultrasonic signal through a hollow heart potato had longer duration time and more 

peaks and troughs than that through a normal potato. The reason for this might be that the ul- 

trasonic energy was bounced back and forth in the hollow space existing in the potato. The 

transmitted ultrasonic signals thus suggested a possible approach for separating the defective tubers 

from normal ones; i.e., separating the tested potatoes based on the observed characteristics of the 

transmitted ultrasonic signals in time domain. When cut open, all potatoes separated out by this 

ultrasonic technique were found to have hollow heart with the cavity volume ranged from 0.6 to 

20.1 cm*, but no hollow heart was found in the remaining potatoes. Therefore, this technique could 

be used for hollow heart detection in potatoes, and has the advantage of being capable of evaluating 

internal condition of potatoes which 1s difficult to evaluate from external appearance. 

In spite of the success of the aforementioned technique, it is difficult to establish a quantita- 

tive criteria for hollow heart detection merely base on the time domain signals. One possible sol- 

ution to this problem is to use frequency spectrum analysis of the transmitted waves resulting from 

the ultrasonic pulse as affected by the hollow heart existing in potatoes. Frequency analysis tech- 

niques have shown unique abilities for classifying internal anomalies in homogeneous materials in 

the literature search. Similarly, frequency analysis may be useful for predicting hollow hearts in 

potatoes non-invasively. 
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Frequency domain analysis 

Figure 18 is a plot of the frequency amplitude spectra of the time-domain signals presented 

in Figure 16 and Figure 17. The signal amplitude of transmitted ultrasonic frequency components 

through the hollow heart potato was much less than that of the normal one. The frequency spec- 

trum for the normal potato tended to be a smooth envelope, while the envelope for the hollow 

heart potato has more maxima and minima due to the reflection and interference of sound waves 

within the potato. 

Peak frequency analysis 

A practical objective of this study was to provide information to design an automatic ma- 

chine for detecting internal defects in potatoes. Automatic operation usually requires quantitative 

criteria for a desired control function. The possibility of separating hollow potatoes from normal 

potatoes on the basis of the peak frequency of the frequency amplitude spectra for the tested po- 

tatoes was first examined without much success. As indicated in Appendix D, the peak frequency 

changed from one potato to another, no matter whether there existed hollow heart or not. The 

peak frequencies are usually affected by the mass and the physical properties of the tested potatoes. 

The large variations existed among the potatoes made it difficult to use the peak frequency for 

hollow heart selection. 

Spectral moment analysis 

In order to quantify the ultrasonic measurements in terms of transmitted ultrasonic power 

through the test potatoes, the energy content distributed over the frequency bandwidth, generally 

referred as power spectrum of the signal, was obtained using FFT technique. Figure 19 is a plot 

of power spectra of the time-domain signals presented in Figure 16 and Figure 17. The 0” spectral 
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moment My, which was the area under the power spectral density curve as shown in Figure 19, was 

calculated by using numerical integration method and used as the quantified measurement for each 

potato tested. The spectral moment M, represents the amount of ultrasonic power transmitted 

through a tested potato. The calculated M)’s for all the tested ‘Atlantic’ potatoes are listed in Table 

2 and Table 3. Table 2 and Table 3 are lists of physical and acoustical properties of the tested 

‘Atlantic’ potatoes with and without hollow heart respectively. The tables showed that values of 

the spectral moment for normal potatoes are much greater than that of hollow heart potatoes. 

There was a distinct separation between the normal potatoes and hollow heart potatoes. 

Figure 20 and Figure 21 give the plots of My versus volume of potatoes and wave path length 

of tested potatoes, respectively. Potatoes with hollow heart transmitted much less ultrasonic power 

than that of normal potatoes. Under the instrument setting conditions of the experiment for de- 

tecting hollow hearts in ‘Atlantic’ potatoes, when M, was greater than 0.2 for a tested potato, as 

shown in Figure 20 and Figure 21, there was no hollow heart found in the potato. On the other 

hand, when M, was less than 0.2, hollow hearts were found in the tested potatoes. Therefore, the 

parameter M, could provide an effective method of analyzing the ultrasonic measurements for 

quantitative, non-invasive evaluation of hollow hearts in potatoes. 

The results of the investigation of ‘Atlantic’ potatoes showed that the waveform of trans- 

mitted ultrasonic signals through a hollow heart potato differed significantly from that of a normal 

potato. Further, the defective potatoes could be separated on the basis of power spectral moment 

of the transmitted ultrasonic signals. Therefore, it was concluded that this non-invasive method 

could be used to identify internal quality of potatoes that are difficult to evaluate from external 

appearance. Such a measurement offers promises for the development of equipment that would 

sort potatoes with the hollow heart automatically. 
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Table 2. Physical and acoustic properties of ‘Atlantic’ Potatoes with hollow heart 

  

Potato Elastic modulus Velocity Potato Cavity Whole Tissue Path MM 
Number E, E; V, V, volume volume density density length 

MPa m!s cm cm gicr — ger — mm _——sovoilt? 
  

3.24 3.55 645.83 651.77 585 wo
 

A 1.101 1.104 78.0 0.0154 

  

  

1 
3 3.08 3.30 559.14 626.71 563 3.5 1.103 1.113 74.1 0.0324 
4 3.81 3.74 620.23 694.23 458 4.1 1.103 1.123 74.5 0.0216 
5 3.91 4.23 763.33 721.49 386 4.8 1.098 1114 69.5 0.0971 
7 2.82 3.46 486.87 506.60 337 0.6 1.080 1.087 69.0 0.0216 
8 2.78 3.44 657.90 643.69 725 5.7 1.094 1.105 85.4 0.0073 

12 3.51 3.90 673.03 712.03 399 8.4 1.088 1.110 66.0 0.0820 
14 418 402 745.18 819.45 513 20.1 1.058 1.105 72.7 0.0684 
15 4.22 432 729.40 764.85 480 7.8 1.083 1.098 69.8 0.1060 
17 3.56 3.58 605.68 684.72 639 3.8 1.097 1.102 82.1 0.0304 
18 3.48 3.87 548.52 680.15 453 4.0 1.086 1.098 73.0 0.0526 
20 3.54 3.78 723.95 758.48 368 6.3 1.092 1.104 72.6 0.0799 
23 3.92 4.08 573.28 632.18 388 8.6 1.072 1.099 66.2 0.0330 
24 3.43 4.11 679.36 704.03 325 3.7 1.098 1.098 72.1 0.1720 
25 3.73 421 735.98 670.75 435 1.3 1.099 1.096 76.2 0.0903 
26 3.08 3.65 706.11 726.94 392 1.8 1.105 1.107 70.1 0.0500 
28 3.15 4.13 688.57 804.36 496 15.8 1.056 1.099 74.4 0.0555 
30 3.45 4.08 660.75 698.54 543 1.8 1.088 1113 71.0 0.0515 
31 4.13 425 763.94 701.61 333 1.7 1.099 1115 69.9 0.1980 
32 3.80 3.71 595.82 636.60 276 5.4 1.080 1.085 64.2 0.0790 
33 3.56 3.74 744.77 685.83 345 4.7 1.090 1.093 68.7 0.1090 
35 4.22 456 738.73 735.80 347 3.8 1.104 1.110 57.2 0.1610 
37 3.44 3.81 651.02 676.38 573 8.5 1.082 1.098 77.2 0.0106 
38 3.54 3.68 628.90 694.07 352 4.8 1.091 1113 65.2 0.0494 
40 3.66 3.78 761.23 757.30 41] 8.7 1.080 1112 71.4 0.0827 
41 3.51 421 686.42 714.03 352 2.1 1.108 1.112 66.8 0.0599 

Avg = 3.57 3.89 668.23 696.25 44) 1.089 1105 71.4 0.0696 
SD= 0.40 0.31 74.69 62.53 110 0.013 0.011 5.7 0.0487 

E, |= modulus of elasticity measured cross-sectionally 
E; = modulus of elasticity measured longitudinally 
V, = velocity measured transversely 
V, = velocity measured longitudinally 
Avg = average value 
SD = standard deviation 
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Table 3. Physical and acoustic properties of normal ‘Atlantic’ potatoes 

  

Potato Elastic modulus Velocity Potato Cavity Whole Tissue Path M, 

  

  

  

Number Ey E; V, V, volume volume density density length 
MPa ms cm cm gicr® —s gicr® — mm _—_sovoilt? 

2 3.28 3.54 635.05 649.11 262 0.0 L111 L111 61.1 0.5570 
6 2.90 3.22 577.49 626.28 342 0.0 1.105 1.106 65.7 0.4380 
9 3.01 3.29 684.78 682.39 402 0.0 1.112 1.118 76.8 0.3450 

10 3.13 3.00 518.77 613.05 282 0.0 1.096 1.082 64.7 0.5230 
1] 3.25 3.46 637.37 611.64 393 0.0 1.109 1.095 71.3 0.5110 
13 3.07 3.75 639.01 643.87 482 0.0 1.108 1.101 76.5 0.2770 
16 3.44 3.67 554.51 561.65 550 0.0 1.085 1.083 77.0 0.7210 
19 3.54 3.71 589.69 658.38 469 0.0 1.102 1.116 76.0 0.7660 

21 3.36 3.77 661.02 643.82 352 0.0 1.105 1.107 69.3 0.7050 
22 3.72 4.07 798.85 800.32 35] 0.0 1.108 1115 71.5 1.0300 
27 3.40 3.69 747.87 714.83 642 0.0 1.097 1115 89.7 0.6590 
29 4.29 4.70 740.24 772.72 414 0.0 1.109 1111 76.2 0.8620 
34 4.33. 4.17 755.24 710.86 684 0.0 1.098 1.094 85.4 1.0260 
36 3.50 3.39 582.23 596.72 590 0.0 1.092 1.101 79.1 0.2890 
39 3.47 3.90 578.50 654.29 453 0.0 1.104 1.107 74.3 0.4620 

Avg= 3.44 3.69 646.71 662.66 444 1.103 1.104 74.31 0.6114 
SD= 0.41 0.42 82.48 64.60 126 0.008 1.013 7.51 0.2415 

E, = modulus of elasticity measured cross-sectionally 
E; = modulus of elasticity measured longitudinally 
V, = velocity measured transversely 
V, = velocity measured longitudinally 
Avg = average value 
SD = standard deviation 
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Problem discussion 

Bigger potatoes had larger dimensions and hence more attenuation would be involved in the 

wave propagation. It was expected that M) values for bigger potatoes would be lower than that for 

smaller potatoes, since less ultrasonic power could pass through the bigger ones. However, the re- 

sults indicated that there was no relation between the path length or size of potatoes and Mo, as 

shown in Figure 20 and Figure 21. The reason for this may be that the coupling conditions of the 

transducers to a whole potato were inconsistent due to the non-uniform shapes of the potatoes. 

When the transducers were not in perfect contact with the surface of a potato, less ultrasonic power 

would be transmitted into the potato, regardless of the potato size. This problem may be solved 

by using some coupling materials, such as coupling gels, on the surface of potatoes to ensure the 

coupling consistency for each measurement. The amount of ultrasonic power transmitted through 

a potato was affected more by the presence of hollow heart than the inconsistent coupling condi- 

tion, as indicated by Figure 20 and Figure 21. Nevertheless, improvement of the coupling condition 

may further improve the accuracy of this technique. 

Figure 22 is a plot of measured density for a whole potato and the observed cavity volume. 

The best fit straight line of the form Y = BX + 6 fitted to the points yields 

Density = -0.0024* Cavity volume + 1.103 

It can be seen that fairly good correlation existed between the density and cavity size of the potatoes 

(r= 0.811). The measured density generally decreased as the volume of a hollow heart increased. 

However, due to the large variations of the data, it would be difficult to establish a criteria for de- 

tection of hollow hearts in potatoes based on the density measurements. The accuracy would be 

too low to permit its use as a grading technique. 

In spite of the density differences of the whole potatoes, there was no difference found be- 

tween the tissue densities of normal potatoes and hollow heart potatoes, as shown in Table 2 and 

Table 3. As shown in the analysis of variance tables for ‘Atlantic’ potatoes in Appendix C, there 

were no significant differences between the ultrasonic velocities, as well as the moduli of elasticity, 
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measured from the tissues of normal potatoes and hollow heart potatoes. This suggested that 

physical and acoustical properties were approximately the same among these potatoes, regardless 

whether there existed a hollow heart in a potato or not. Similar to the results of “Yukon-Gold’ 

potatoes, the differences between the elastic moduli measured along longitudinal and transverse di- 

rections were found statistically significant for ‘Atlantic’ potatoes. The modulus of elasticity 

measured from longitudinal sections of potatoes were generally greater than those from transverse 

sections of potatoes. Although the differences between the velocities measured along these two 

directions did not differ significantly statistically, the average velocity measured using longitudinal 

samples was larger than that measured using transverse samples for ‘Atlantic’ potatoes. These re- 

sults suggested further that potato tissues may not be isotropic material. 

The frequencies that could be transmitted through ‘Atlantic’ potato were no greater than 100 

kHz, as indicated by the frequency spectra presented in Appendix D, the greater frequency com- 

ponents were attenuated and filtered out as they were passing through the potato. Therefore the 

frequencies that can be used to detect hollow hearts in potatoes efficiently should be in the range 

of 50 kHz — 150 kHz. Frequencies lower than 50 kHz probably would not give enough resolution 

for detection of hollow hearts in potatoes. 
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Chapter 6 

Summary and Conclusions 

Summary 

Quality evaluation of fresh fruits and vegetables is an important aspect of fruit and vegetable 

production, processing, and handling. There is a demand for developing rapid and non-destructive 

evaluation techniques for the quality of fresh fruits and vegetables. Such techniques can be of great 

value in monitoring quality changes during storage or in assigning quality grades to fresh fruits and 

vegetables. In this study, ultrasonic techniques were investigated for non-invasive quality evalu- 

ation of selected fruits and vegetables. An ultrasonic non-destructive evaluation system was devel- 

oped in this study based on preliminary studies of fruits and vegetables with ultrasound, and used 

to investigate physical and acoustical property changes for the selected fruits and vegetables non- 

invasively. The system included a high power burst pulser, a broadband receiver, a digital storage 

oscilloscope, two pairs of transducers of 250 kHz and 1 MHz, and a microcomputer system, which 

was interfaced with the ultrasonic equipment through a General Purpose Interface Board (GPIB), 
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for data acquisition and analysis. Using potatoes and apples, several forms of the acoustic indices 

were investigated using the system. 

Investigation of “‘Yukon-Gold’ potatoes centered on the physical and acoustical property 

changes during the storage period of approximately five months. These potatoes were stored at 

2°+1°C and 90-95% relative humidity during the tests. The tests were conducted at regular inter- 

vals with 10 potatoes tested each time. Ultrasonic velocity, attenuation coefficient, modulus of 

elasticity, and tissue density were determined for each potato along two different orientations — 

longitudinal and transverse. Three varieties of apples, ‘Golden Delicious’, ‘Red Delicious’, and 

‘Granny Smith’, were tested to detect their physiological changes with ripeness. Two groups of tests 

were conducted — the first group of tests were conducted immediately after the fruits were pur- 

chased from a local grocery store, and the second group of tests were conducted ten days later with 

the same groups of apples which were kept at room temperature to ripen. In each groups of tests, 

ultrasonic velocity, attenuation coefficient, modulus of elasticity, and tissue density were determined 

along longitudinal and radial directions of the apples. Frequency analysis of the transmitted ultra- 

sonic signals through potato and apple samples was also conducted using Fast Fourier Transform 

(FFT) techniques. 

The experimental results for the potatoes and apples indicated that potato and apple tissues 

are anisotropic materials. The measured acoustical and physical properties differed along different 

orientations. Apple tissues transmitted much lower frequency components than potato tissues and 

the transmitted frequency range was much narrower due to the much higher percentage of inter- 

cellular void space in apple tissues (24%) than in potato tissues (2%). The ultrasonic measure- 

ments were able to detect physiological changes and physical heterogeneities in fruit and vegetable 

tissues. The frequency analysis of transmitted ultrasonic signals could provide useful information 

for selecting specific optimum frequencies to be used in ultrasonic quality evaluation of different 

fruits and vegetables. Therefore, the ultrasonic technique can be a useful and quick method for 

evaluating firmness as well as textural and rheological property changes during storage of fruits and 

vegetables. 
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Hollow hearts in ‘Atlantic’ potatoes were successfully detected using the ultrasonic non- 

destructive evaluation system at 250 kHz. A purpose of this work was to develop a quantitative, 

non-invasive method for hollow heart detection in potatoes, and to provide information for de- 

signing an evaluation equipment which could serve as an automatic quality control step in the 

production process. The analysis of the transmitted ultrasonic signals through the potatoes was 

carried out in both time and frequency domains. The results of the investigation of ‘Atlantic’ po- 

tatoes showed that the waveform of transmitted ultrasonic signals through a hollow heart potato 

differed significantly from that of a normal potato. Further, the defective potatoes could be sepa- 

rated on the basis of the amount of ultrasonic power transmitted through a potato. By means of 

digital Fourier analysis, the 0“ spectral moment, Mo, was determined from the power spectral den- 

sity curve of a transmitted ultrasonic signal. The spectral moment represents the amount of ultra- 

sonic power transmitted through a tested potato, and was chosen as the basis for quantitative, 

non-invasive method for hollow heart detection, since power transmission of ultrasonic wave was 

affected by the presence of hollow heart in potatoes. Potatoes with hollow heart transmitted much 

less ultrasonic power than normal potatoes — approximately 89% less on average. There was a 

distinct separation between the normal potatoes and hollow heart potatoes. Therefore, the defective 

potatoes could be separated on the basis of power spectral moment of the transmitted ultrasonic 

signals. The reliability of this method was confirmed. Among 41 ‘Atlantic’ potatoes tested, all 26 

hollow-heart potatoes were identified without exception. Under the instrument setting conditions 

for this experiment, when My was greater than 0.2 for a tested potato, there was no hollow heart 

found in the potato. On the other hand, when M, was less than 0.2, hollow hearts were found in 

the tested potatoes. Therefore, the parameter My could provide an effective method of analyzing 

the ultrasonic measurements for quantitative, non-invasive evaluation of hollow hearts in potatoes. 

This non-invasive method could be used to identify internal quality of potatoes that is difficult to 

evaluate from external appearance. Such a measurement offers promises for the development of 

equipment that would sort potatoes with hollow heart automatically. 
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Conclusions 

The following conclusions were derived from the analysis of the experimental results in this 

study: 

1. The measured acoustical and physical properties for potatoes and apples were different along 

different orientations of these products. Therefore, potatoes and apple tissues are not isotropic 

materials. 

2. Potatoes and apple tissues were very attenuative at high frequency. Apple tissue transmitted 

much lower frequency components than potato tissues, when the same transducers were used, 

due to the presence of much higher percentage of intercellular void space in apple tissue. 

3. Ultrasonic measurements were able to detect physiological changes and _ physical 

heterogeneities in fruit and vegetable tissues. Therefore, ultrasonic techniques can be a useful 

and quick method for quality evaluation of fruits and vegetables non-invasively. 

4. The waveform of transmitted ultrasonic signals through a hollow heart potato differed signif- 

icantly from that through a normal potato. This non-destructive method has the advantage 

of being capable of evaluating internal quality of potatoes which are difficult to evaluate from 

external appearance. 

5. Ultrasonic frequency analysis technique can be an effective and non-invasive method to detect 

hollow heart in potatoes. Such a measurement offers promises for the development of equip- 

ment that would sort potatoes with the hollow heart defect. 
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Application of significant results and recommendations for future 

study 

The number of potential applications discovered in this study demonstrated the significance 

of ultrasonic technology in the area of food quality detection. With the appropriate frequency range 

and suitable ultrasonic equipment, notably with the equipment capable of higher energy output, it 

is possible to determine acoustic properties of fresh fruits and vegetables by ultrasonic excitation. 

The results of this study showed the potential for the development of a system for identifying 

the quality of fruits and vegetables using acoustical techniques. Ultrasonics lends itself well to 

translation from the laboratory to on-line factory application. Before such a system is designed, 

however, the quality factors for selection must be defined. For example, if it is desired to design a 

system to select hollow heart potatoes, one needs to determine the spectrum moment, M, for each 

tested potato and compare this M) value with the criteria value to determine whether to accept or 

reject the tested potato. This could be accomplished by developing a computer program which 

takes the output from the acoustic system, makes the appropriate decision, and provides the output 

for the desired control functions. The electrical signal generated by acoustic detection system could 

be readily translated into an impulse to drive a solenoid to eject defective objects. The criteria value 

of M, for different varieties of potatoes would not be the same, and the Mp for each variety would 

have to be determined experimentally. 

The ultrasonic technique can be a useful, quick method for evaluating firmness and firmness 

changes during storage of some fruits and vegetables. However, the empirical relationships between 

the ultrasonic measurements and physical parameters of interest such as maturity and quality need 

to be developed in further studies, since fruits and vegetable tissues are usually not homogeneous, 

isotropic, or linear elastic materials. Further development and exploration of this technique should 

result in improved methods of quality evaluation. More research is needed to study the potential 

applications of different transducers with frequencies differing from those used in this study. With 

the broadband transducers of 250 kHz, it was difficult to determine the size of a hollow heart 
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present in a potato, although the hollow heart can be detected successfully. The transducer cou- 

pling conditions for each potato were not consistent and this should be studied further. The re- 

lationships between measurable ultrasonic and physical parameters and attributes of interest such 

as firmness, maturity, and quality defects of fruits and vegetables need to be studied further. This 

acoustic impulse response method can be used as a non-destructive internal quality evaluation 

method. The simplicity of this method is of great advantage for its practical use. Before such 

techniques can be used in practice, however, the change rate of physical and chemical properties 

of fruits and vegetables after subjected to the acoustic field as compared to no such exposure needs 

to be investigated. 
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Appendix A 

Experimental Results of “Yukon-Gold’ Potatoes 

During Storage Period 

Notations used in this appendix: 

Vn, = velocity determined using 1-MHz transducers, m/s 

V, = velocity determined using 250-kHz transducers, m/s 

velocity determined using the both sets of transducers, m/s 

= modulus of elasticity, MPa 

Fy == maximum force at rupture point, N 

Gn = apparent attenuation coefficient determined using 1-MHz transducers, dB/mm 

&, = apparent attenuation coefficient determined using 250-kHz transducers, dB/mm 

Avg = average value 

SD = standard deviation 
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Group I 

Transverse measurements 

10/01/91 

  

  

  

  

  

  

  

Vin Vy V E Fu Xm ak 

631.44 619.58 625.45 3.98 455.60 1.47 1.55 
675.07 674.03 674.55 3.74 431.15 1.72 1.69 
670.18 683.11 676.58 3.68 620.60 1.60 1.66 
631.78 619.34 625.50 3:44 618.20 1.78 1.79 
668.30 661.95 665.11 3.27 501.00 1.82 1.99 
628.80 597.72 612.86 3.33 514.60 1.65 1.81 
573.12 573.48 573.30 2.75 431.60 2.03 1.76 
624.45 618.57 621.49 3.21 420.90 1.81 1.86 
691.00 706.06 698.47 3.31 502.90 1.56 1.70 
624.90 606.38 615.50 2.81 446.80 1.59 1.73 

Avg= 641.90 636.02 638.88 3.35 494.33 1.71 1.73 
SD= 34.50 42.62 38.17 0.38 73.68 0.16 0.17 

Longitudinal measurements 

Vin V, V E Fu Am a 

672.00 662.69 667.31 4.15 523.40 1.58 1.65 
717.17 696.08 706.47 3.92 482.90 1.78 1.63 
683.17 693.47 688.28 3.69 507.80 1.38 1.96 
574.87 598.23 586.32 3.47 506.30 1.57 1.66 
552.91 $52.47 552.69 2.74 524.90 1.65 1.64 
659.62 676.13 667.77 4.20 490.20 1.61 1.84 
714.36 680.17 696.85 4.28 527.30 1.50 1.50 
599.16 617.92 608.39 4.21 473.10 1.79 1.54 
664.96 649.24 657.01 3.88 512.70 1.70 1.91 
636.55 611.94 624.01 4.12 498.50 1.83 1.94 

Avg= 647.48 643.83 645.51 3.88 504.71 1.64 1.73 
SD= 56.10 47.20 50.81 0.46 18.46 0.14 0.17 
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Group II 

Transverse measurements 

10/22/91 

  

  

  

  

  

  

  

Vin V, V E Fu Gm ak 

647.26 647.73 647.49 3.19 554.20 1.55 1.67 
607.76 602.47 605.10 3.31 521.00 1.51 1.63 
653.63 680.44 666.77 3.25 443.40 1.36 1.57 
643.52 636.88 640.18 3.26 517.60 1.33 1.48 
702.77 727.87 715.10 3.18 533.20 1.93 2.12 
663.51 660.02 661.76 3.19 463.90 1.83 1.94 
704.81 677.71 690.99 3.75 555.70 1.54 1.46 
620.37 641.15 630.59 2.60 440.10 1.26 1.47 
687.57 697.56 692.53 3.33 477.10 1.30 1.39 
752.11 764.12 758.07 4.52 588.40 1.58 1.50 

Avg= 668.33 673.60 670.86 3.36 509.46 1.52 1.62 
SD= 43.68 47.24 44.68 0.48 51.02 0.22 0.23 

Longitudinal measurements 

Vin V, V E Fu km ak 

749.37 695.95 721.67 3.97 532.70 1.65 1.63 
724.20 709.33 716.69 3.90 544.90 1.71 1.24 
694.64 758.37 725.11 4.32 524.90 1.53 1.69 
674.66 696.87 685.59 4.13 539.10 1.24 1.61 
636.60 638.94 637.77 4.04 485.40 1.63 1.56 
622.95 613.02 617.95 3.55 553.20 1.54 1.75 
600.45 623.03 611.53 3.75 436.50 1.57 1.46 
648.87 643.55 646.20 3.61 475.60 1.55 1.52 
688.42 696.07 692.22 3.76 450.00 1.75 1.85 
725.14 714.93 720.01 4.21 413.10 1.47 1.53 

Avg= 676.53 679.01 677.47 3.92 495.54 1.57 1.58 
SD= 48.79 46.85 45.09 0.26 50.28 0.14 0.17 
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Group III 

Transverse measurements 

11/19/91 

  

  

  

  

  

  

  

Vin V;, E Fy am ak 

852.10 832.37 842.11 3.29 460.00 1.01 1.56 
729.22 706.92 717.90 3.75 498.04 1.63 1.62 
683.93 697.10 690.45 3.23 466.00 1.51 1.36 
669.83 676.61 673.20 3.57 496.01 1.74 1.56 
682.48 651.91 666.85 3.53 521.50 1.82 1.72 
640.67 631.86 636.23 3.83 523.40 1.61 1.63 
661.59 650.69 656.09 4.13 514.60 1.17 1.21 
639.64 623.62 631.53 3.45 458.00 1.23 1.47 
651.41 652.53 651.97 3.03 518.10 1.91 1.74 
750.16 735.95 742.97 3.90 510.25 1.21 1.43 

Avg= 696.10 685.96 690.93 3.57 496.59 1.48 1.53 
SD= 65.68 62.29 63.62 0.33 25.98 0.31 0.17 

Longitudinal measurements 

Vin V, V E Fu am ak 

731.54 709.01 720.10 4.16 537.10 1.53 1.30 
681.35 662.68 671.88 4,34 530.30 1.56 1.36 
576.94 634.13 604.19 3.88 507.30 1.53 2.07 
681.26 682.63 681.94 4.13 547.40 1.48 1.57 
671.53 674.72 673.12 4.18 619.60 1.88 1.85 
742.84 746.05 744,44 3.87 479.50 1.36 1.29 
691.94 747.02 718.43 3.88 523.90 1.58 1.34 
748.98 735.05 741.95 4.05 502.00 1.63 1.70 
726.71 702.09 714.19 4.26 500.00 1.53 1.49 
669.95 676.62 673.27 3.63 438.50 1.58 1.59 

Avg= 692.30 697.00 694.35 4.04 518.56 1.52 1.56 
SD= 50.52 37.67 42.28 0.22 47.41 0.138 0.25 
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Group IV 

Transverse measurements 

12/17/91 

  

  

  

  

  

  

  

  

Va V;, V E Fu Om XK 

701.52 691.62 696.53 3.56 493.20 1.65 1.58 
664.77 653.35 659.01 3.88 508.30 1.07 1.56 
768.97 751.53 760.15 4.58 555.17 1.41 1.36 
716.97 698.89 707.82 3.54 410.60 1.48 1.55 
659.22 619.77 638.89 3.89 467.30 1.15 1.34 
727.07 715.22 721.10 3.80 549.30 1.59 1.45 
737.34 731.79 734.56 3.75 444.30 1.37 1.41 
699.93 696.37 698.15 3.17 390.60 1.52 1.34 
718.12 751.28 734.33 3.43 407.20 1.54 1.86 
732.79 696.93 714.41 3.99 514.60 1.52 1.58 

Avg= 712.67 700.68 706.50 3.76 474.06 1.43 1.47 
SD= 33.12 41.14 36.07 0.37 59.45 0.18 0.15 

Longitudinal measurements 

Van Vee V E Fu Om ak 

533.17 536.42 534.79 4.10 534.70 1.38 1.27 
672.29 682.69 677.45 4.21 477.05 1.60 1.51 
781.00 781.00 781.00 4.63 555.17 1.36 1.28 
780.53 802.94 791.58 4.48 437.01 1.07 0.99 
775.97 785.57 780.74 3.70 505.40 1.85 1.94 
808.68 798.75 803.69 4.82 537.10 1.54 1.71 
679.74 701.02 690.22 3.91 479.00 1.49 1.46 
786.03 769.42 777.64 3.95 436.50 1.67 1.86 
591.84 563.53 577.34 4.55 518.60 1.13 1.76 
694.32 718.92 706.00 5.10 478.03 1.22 1.11 

Avg= 710.36 714.03 712.05 4.35 495.86 1.43 1.49 
SD= 92.91 96.10 94.15 0.44 41.20 0.24 0.32 
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Group V 

Transverse measurements 

1/14/92 

  

V 
  

  

  

  

  

  

Vn V, Fu hm oy 

621.41 632.08 626.70 4.13 452.84 1.98 1.63 
631.37 631.14 ‘631.25 3.12 482.70 1.38 1.31 
736.89 726.12 731.47 4.26 676.54 1.55 1.42 
726.36 714.19 720.23 3.39 $29.39 1.58 1.62 
560.22 579.45 569.68 3.56 465.30 1.08 1.36 
758.93 758.69 758.81 3.63 486.50 1.13 1.67 
671.79 682.84 677.27 3.81 483.24 1.38 1.56 
762.71 797.64 779.78 4.19 584.78 1.50 1.58 
720.94 708.75 714.79 3.43 456.09 1.66 1.60 
668.00 678.64 673.54 3.72 450.66 1.59 1.50 

Avg= 685.86 690.95 688.35 3.72 506.80 1.48 1.52 
SD= 66.78 64.77 65.31 0.37 72.50 0.26 0.12 

Longitudinal measurements 

Vin V;, V E Fu Om OE 

596.38 607.02 601.65 3.90 400.71 1.43 1.63 
624.66 616.36 620.48 3.62 484.87 1.28 1.11 
722.68 741.46 731.95 4.65 612.47 1.33 1.17 
753.59 741.67 747.58 4.03 489.76 1.30 1.59 
736.07 751.35 743.63 4.14 471.84 1.95 1.59 
654.54 613.11 633.15 4.07 545.68 1.39 1.68 
794.53 789.90 792.21 4.31 582.60 1.79 1.80 
808.21 817.60 812.88 4.53 548.94 1.54 1.55 
777.06 756.34 766.56 4.24 430.57 1.67 1.56 
604.17 596.68 600.40 3.38 453.38 1.25 1.41 

Avg= 706.19 703.15 705.05 4.09 502.08 1.49 1.51 
SD= 80.56 84.94 82.32 0.38 68.16 0.23 0.21 
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Group VI 2/11/92 

Transverse measurements 

  

  

  

  

  

  

  

  

Vin Vi E Fu Am Xk 

669.74 649.79 659.71 3.37 487.04 1.94 1.61 
695.88 689.19 692.52 3.76 508.22 1.17 1.23 
619.04 629.23 624.09 3.53 431.12 1.22 1.22 
639.93 619.77 629.69 3.42 390.94 1.14 1.67 
619.12 608.41 613.72 3.81 470.21 1.76 1.63 
800.87 782.97 791.82 3.68 441.43 1.13 1.20 
787.33 786.55 786.94 4.06 552.74 1.15 1.15 
748.86 778.27 762.76 4.23 563.60 1.26 0.99 
829.77 765.98 796.60 3.94 516.36 1.21 1.19 
606.62 611.07 608.84 3.18 471.84 1.24 1.64 

Avg= 701.72 692.12 696.67 3.70 483.35 1.32 1.35 
SD= 83.90 77.89 79.78 0.33 54.06 0.28 0.25 

Longitudinal measurements 

Vin Vi V E Fu am Ok 

777.25 737.93 757.08 4.31 533.73 1.35 1.43 
678.93 661.13 669.91 3.96 500.07 0.78 1.15 
609.15 614.44 611.78 3.72 450.66 1.66 1.79 
656.79 651.20 653.98 3.98 512.02 1.31 1.40 
882.65 851.02 866.55 4.54 551.66 1.42 1.42 
700.99 690.70 695.81 4.11 470.21 1.48 1.78 
700.85 670.77 685.48 4.00 583.15 1.53 1.44 
767.44 735.79 751.28 4.21 548.94 1.16 1.38 
702.69 688.95 695.75 3.76 498.99 1.03 1.31 
715.04 730.24 722.56 4.00 471.30 1.08 1.31 

Avg= 719.18 703.22 711.02 4.06 512.07 1.28 1.44 
SD= = 75.27 65.50 69.90 0.24 42.09 0.26 0.20 
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Appendix B 
Experimental Results of Tested Apples 

Notations used in this appendix: 

V, = ultrasonic velocity measured in longitudinal sections 

V, = ultrasonic velocity measured in radial sections 

E; = modulus of elasticity measured in longitudinal sections 

E, = modulus of elasticity measured in radial sections 

&% = apparent attenuation coefficient measured in longitudinal sections using 250-K Hz 

transducers 

%, = apparent attenuation coefficient measure in radial sections using 250-K Hz 

transducers 

Avg = average value 

SD = standard deviation 
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GRANNY SMITH APPLES 

  

Longitudinal Measurements Radial Measurements 
    

  

  

  

  

  

V, E, ay V, E, a, 

137.35 3.57 1.69 217.19 6.41 1.40 
130.56 4.17 1.25 264.19 5.54 1.81 
123.43 3.75 0.96 206.34 6.56 2.01 
142.77 3.84 1.71 265.57 5.83 1.37 
142.31 3.44 1.61 247.75 6.34 0.70 
124.07 3.57 1.45 199.44 6.21 1.01 

Avg= 133.42 3.72 1.44 233.41 6.16 1.38 
SD= 8.68 0.26 0.29 29.45 0.38 0.48 

10 DAYS LATER 

95.94 3.08 1.23 197.14 4.61 1.46 
116.45 3.05 1.70 195.04 4.66 2.09 
111.05 3.32 1.44 188.43 4.72 1.65 
118.29 3.60 2.63 215.45 4.67 2.44 
114.18 3.35 2.50 199.20 5.20 2.07 
119.37 3.03 2.70 179.95 4.41 1.89 

Avg= 112.55 3.24 2.03 195.87 4.71 1.93 
SD= 8.66 0.22 0.65 11.87 0.26 0.35 
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RED DELICIOUS APPLES 

  

Longitudinal Measurements Radial Measurements 
    

  

  

  

  

  

V; Ey a) V, E, Oo, 

154.72 4.65 1.93 237.78 6.20 1.57 
137.91 4.49 1.83 254.47 5.60 0.49 
123.33 3.78 1.39 199.09 5.20 1.76 
134.82 3.91 1.48 212.06 6.06 1.30 
134.36 3.74 1.39 210.05 5.19 1.48 
160.47 3.75 1.45 228.77 5.83 1.49 

Avg= 140.94 4.05 1.58 223.70 5.68 1.35 
SD= 13.93 0.41 0.39 20.48 0.42 0.44 

10 DAYS LATER 

125.21 3.15 2.28 189.16 4.03 1.77 
107.43 2.69 1.70 179.23 3.90 1.67 
126.97 3.08 2.48 181.58 4.68 1.15 
107.21 2.97 3.59 188.08 4.65 2.03 
116.97 2.70 2.26 169.10 3.96 2.46 
122.31 2.61 2.22 186.06 4.51 2.39 

Avg= 117.68 2.87 2.42 182.20 4.29 1.91 
D= 8.71 0.23 0.63 7.46 0.36 0.49 
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GOLDEN DELICIOUS APPLES 

  

Longitudinal Measurements 
  

Radial Measurements 
  

  

  

  

  

  

V, E, ay V, E, Gr 

125.98 3.11 2.73 174.64 4.64 1.12 
136.83 3.25 1.86 186.98 4.00 2.41 
130.46 3.21 2.10 200.65 3.87 1.50 
122.87 3.09 1.96 231.51 3.89 2.18 
124.69 3.12 2.33 167.18 3.92 1.16 
130.27 3.41 2.15 244.08 4.23 1.30 
111.59 3.86 1.26 179.47 4.56 0.89 

Avg= 126.10 3.29 2.06 197.79 4.16 1.51 
SD= 7.90 0.26 0.45 29.47 0.33 0.57 

10 DAYS LATER 

107.21 2.39 2.33 129.16 2.74 2.08 
91.41 3.09 2.26 129.05 3.27 1.92 

101.55 2.66 3.82 155.97 3.57 1.54 
96.32 2.96 3.01 125.93 3.69 2.04 
98.61 2.75 2.29 168.97 3.24 2.83 
88.74 2.18 2.31 129.23 3.30 2.44 

105.22 2.97 2.09 157.86 4.03 1.48 

Avg= 98.44 2.71 2.58 142,31 3.41 2.05 
SD= 6.84 0.33 0.62 17.92 0.41 0.48 
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Appendix C 
Analysis of Variance Tables for the Experimental 

Results 

Notations used in this appendix: 

DF = degree of freedom 

SS = sum of squares 

MS = mean square 

OSL = observed significance level 

Seq SS. = sequential sum of squares 

Adj SS = adjusted sum of squares 

Adj MS = adjusted mean square 

PH = density of a whole potato with hollow heart 

PN = density of a whole potato without hollow heart 

Hox = mean of px’s 

pn = mean of py’s 

* = significant at least at the 5 percent level (OSL < 0.05) 
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Analysis of variance table for velocity of "Yukon-gold’ potatoes 

  

  

Source DF SS MS F OSL 

time 5 123208 24642 6.20 <0.001* 
orient 1 4802 4802 1.21 0.273 
transducer 1] 669 669 0.17 0.682 
time*orient 5 1393 279 0.07 0.997 
time *transducer 5 1591 318 0.08 0.995 
orient *transducer 1 87 87 0.02 0.882 
time *orient *transducer 5 1419 284 0.07 0.996 
Error 216 858175 3973 
Total 239 991343 
  

Analysis of variance table for modulus of elasticity of "Yukon-gold’ potatoes 

  

  

Source DF SS MS F OSL 

time 5 2.78 0.56 4.08 0.002* 
orient l 6.85 6.85 50.20 <0.001* 
time *orient 5 0.24 0.05 0.36 0.877 
Error 108 . 14.74 0.14 
Total 119 24.61 
  

Analysis of variance table for apparent attenuation coefficients of "Yukon-Gold’ potatoes 

  

  

Source DF SS MS F OSL 

time 5 2.477 0.4953 10.50 < 0.001* 
orient ] 0.002 0.0018 0.04 0.845 
transducer 1 0.086 0.0864 1.83 0.177 
time *orient 5 0.092 0.0183 0.39 0.856 
time *transducer 5 0.071 0.0142 0.30 0.912 
orient *transducer l 0.001 0.0007 0.01 0.903 
time * orient *transducer 5 0.029 0.0057 0.12 0.987 
Error 216 10.188 0.0472 
Total 239 12.946 
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Analysis of variance table for velocity of apples 

  

  

  

  

  

  

  

  

  

Source DF Seq SS Adj SS Adj MS F OSL 

variety 2 12330 12330 6165 22.78  <0.001* 
time 1] 22960 22345 22345 82.57 <0.001* 
orient 1 102611 104510 104510 386.20 <0.001* 
variety *time 2 544 544 272 1.00 0.372 
variety *orient 2 3709 3709 1854 6.85 0.002* 
time*orient 1 2150 2067 2067 7.64 0.007* 
variety *time*orient 2 120 120 60 0.22 0.801 
Error 64 17319 17319 271 
Total 75 161743 

Analysis of variance table for modulus of elasticity of apples 

Source DF Seq SS Adj SS Adj MS F OSL 

variety 2 16.48 16.48 8.23 74.27 = <0.001* 
time l 17.36 17.85 17.85 160.95 <0.001* 
orient ] 36.38 37.96 37.96 342.27 <0.001* 
variety *time 2 1.26 1.26 0.63 5.66 0.005* 
variety *orient 2 4.60 4.60 2.30 20.74 <0.001* 
time*orient I 0.88 0.93 0.93 8.34 0.005* 
variety *time*orient 2 0.60 0.60 0.30 2.70 0.075 
Error 64 7.10 7.10 0.11 
Total 75 84.64 

Analysis of variance table for apparent attenuation coefficients of apples 

Source Seq SS Adj SS Adj MS F OSL 

variety 2 1.666 1.666 0.833 3.4] 0.039* 
time 1 6.800 6.847 6.847 28.04 <0.001* 
orient 1 2.220 2.067 2.067 8.47 0.005* 
variety *time 2 0.101 0.101 0.051 0.21 0.813 
variety *orient 2 0.700 0.700 0.350 1.43 0.246 
time *orient 1 0.042 0.047 0.047 0.19 0.662 
variety *time*orient 2 0.077 0.077 0.038 0.16 0.855 
Error 64 15.628 15.628 0.244 
Total 75 27.233 
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Analysis of variance table for velocity of ‘Atlantic’ potatoes 

  

  

Source DF Seq SS Adj SS Adj MS F OSL 

potato 1 14446 14446 14446 2.87 0.094 
orient 1 11426 9199 9199 1.82 0.181 
potato *orient 1 693 693 693 0.14 0.712 
Error 78 393190 393190 5041 
Total 81 419755 
  

Analysis of variance table for modulus of elasticity of ‘Atlantic’ potatoes 

  

  

Source DF Seq SS Adj SS Adj MS F OSL 

potato l 0.43 0.43 0.43 3.33 0.072 
orient 1 1.88 1.65 1.65 12.64 0.001* 
potato *orient l 0.02 0.02 0.02 0.13 0.719 
Error 78 10.19 10.19 0.13 
Total 81 12.52 
  

Two sample T test for density of normal potatoes versus hollow heart potatoes 

  

  

N MEAN STDEV 

hollow potato density (1) 26 1.089 0.013 
normal potato density (py) 15 1.103 0.008 
  

95% Confident Interval for u,4—p,y: (-0.0196, -0.0062) 
T test of upn = Uy (vs 4): T= -3.92 DF= 38 OSL=0.0004* 
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Appendix D 
Time-domain Signals of Transmitted Ultrasonic 

Waves at 250 kHz through Whole Atlantic Potatoes 
and Their Fourier Transform 
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