
Review 

Ultrasonic techniques are finding increasing use in the to,-.M 

industry for both the analysis and modifw.ation of foods. 
Low-intensity ultrasound is a non-desOuctive technique that 
provides information about physicochemical properties, 
such as composition, structure, physical state and flow rate. 
High-intensity ultrasound is used to alter, either physically or 
chemically, the properties of foods, for example to generate 
emulsions, disrupt cells, promote chemical reactions, in- 
hibit enzymes, tenderize meat and modify crystallization 
processes. 

Animals have utilized ulWasound for the characteriz- 
ation and modification of foods for millions of years. 
Bats and dolphins use low-intensity ultrasonic pulses to 
determine the size, shape and velocity of the insects and 
fish that they prey on; while certain marine species use 
high-intensity pulses of ultrasound to stun their victims 
before capture. Within the past century, humans have 
begun using ultrasound to characterize and modify 
foods, albeit with the aid of sophisticated electronic 
equipment, rather than natural organs. 

Just as in nature, the applications of ultrasound in the 
food industry can be divided into two distinct cat- 
egories, depending on whether they use low-intensity or 
high-intensity ultrasound. Low-intensity ultrasound uses 
power levels (typically <1 W c m  -2) that are so small that 
the ultrasonic wave causes no physical or chemical 
alterations in the properties of  the material through 
which the wave passes, that is it is non-destructive. The 
most common appfication of low-intensity ultrasound is 
as an analytical technique for providing information 
about the physicochemical properties of foods, such as 
composition, structure, physical state and flow rate -'-3. In 
contrast, the power levels used in high-intensity 
applications are so large (typically in the range 10-1000 
W cm -2) that they cause physical disruption of the ma- 
terial to which they are appEed, or promote certain 
chemical reactions (e.g. oxidation). High-intensity nitra- 
sound has been used in research laboratories for many 
years to generate emulsions, disrupt cells and disperse 
aggregated materials 4-5. More recently, a number of 
novel applications have been developed, including the 
modification and control of crystallization processes, the 
inactivation of enzymes, the tenderization of meats, 
enhanced drying and filtration, and the promotion of 
oxidation reactions e-9. 

tow-inten~ ultrasonic measurements 
The three parameters that are measured most fre- 

quently in ultrasonic experiments are the ultrasonic 
velocity, attenuation coefficient and acoustic impedance 
(Box I). These parameters are related to the physical 
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properties of foods that are of  interest to food scienti""""~s, 
such as composition, stmctme and physical state. 

Ultrasonic veloci ty 
The velocity (c) at which an ultrasonic wave travels 

through a material depends on its elastic modulus (E) 
and density (p): 

1 p 

The modulus used in Eqn 1 depends on whether the 
material being tested is a gas, fiquld or solid, and 
whether a compression or shear wave is used t° 
(Box 1, figure at left). The moduli and densities of 
materials depend on their structure, composition and 
physical state; thus, uluasonic velocity measmements 
can be used to provide information about these proper- 
ties. 

The ulWasonic velocity of a material can be deter- 
mined in one of two ways: either the wavelength of ultra- 
sound is measured at a known frequency (cffi Af), or the 
time (0 taken for a wave to travel a known distance (d) 
is measured (c = d/t). 

Attenuation coefficient 
The attenuation coefficient (a) is a ~ of the 

decrease in ampfitude of an ultrasonic wave as it travels 
through a material. The major causes of  attenuation are 
adsorption and scattering. Adsorption is caused by physi- 
cal mechanisms converting enex~j stored x~ ultrasound 
into heat, for example fluid viscosity, thermal conduc- 
tion and molecular relaxation. Scattering occurs in 
heterogeneons materials, such as emulsions, suspen- 
sions and foams, when an ultrasonic wave is incident on 
a discontinuity (e.g. a particle) and is scattered in direc- 
tions other than that of the incident wave. Unlike in the 
case of adsorption, the energy is still stored as ultra- 
sound, but it is not detected because its pmpegafion 
direction and phase have been altered. Measurements 
of the adsorption and scattering of ulWasound pro- 
vide valuable information about the physicochemical 
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properties of food materials, including concentration, 
viscosity, molecular relaxation and microstructure. 

The attenuation coefficient of a material can be 
expressed in nepers per meter (Npm -~) when it is 
defined by the following equation: 

A=Ao e-~ (2) 

reflected wave (A,) to that of the incident wave (A t) is 
called the reflection coefficient (R). For a plane wave 
that is normally incident upon a plane boundary: 

R= Ar = Z j -Z~  (3) 
A~ ZI+Z~ 

Here A o is the initial amplitude of the wave, and x is 
the distance traveled. The attenuation coefficient is 
determined by measuring the dependence of the ampli- 
tude of an ultrasonic wave on distance and 'fitting' the 
~ t s  to Eqn 2. The attenuation coefficient is 
often expressed in decibels per meter (dBm-~), where 
1Np= 8.686 dB. 

Acoustic impedance 
When an ultrasonic wave is incident on an interface 

Here, Z is the acoustic impedance (equivalent to pc), 
and the subscripts '1' and '2'  refer to the two different 
materials. Very Eft_de ultrasound is reflected from the 
surface of a material that has a very similar acoustic 
impedance to its smroundings. In contrast, a high per- 
centage of ultrasooud is reflected when two materials 
have very different acoustic impedances; ultrasonic 
imaging techniques rely on ultrasound being reflected 
from internal boundaries between different materials. 

Like the ultrasonic velocity and attenuation coeffi- 
between two different materials, it is partly reflected and cient, the acoustic impedance is a fundamental physical 
partly transmitted. The ratio of the amplitude of the characteristic, which depends on the composition 
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and microstmcture of  a material. 
Measurements of acoustic impedance (a) 
can therefore be used to provide valu- 
able information about the properties 
of foods. 

Measurement techniques 
One of the major reasons low- 

intensity ultrasound has not been 
used more widely in the food indus- 
try has been the lack of commer- 
cial ~trasonic insUumentation specifi- 
cally designed to characterize foods. 
This has meant that researchers have 
had to design and set up their own 
experiments, which required a fairly 
good understanding of the physical 
principles of ulWasound. This situa- 
tion is changing, and a number of 
instrument manufacturers have re- 
cently developed ultrasonic devices (b) 
that are suitable for characterizing 
foods. 

Most ultrasonic instruments utilize ~ I 
either pulsed or continuous-wave 
ultrasound 9. Pulse techniques are by 
far the most widely used because 
they are easy to operate, measure- 
ments are rapid and nonAnvasive, 
and the t~hnique can easily be auto- 
mated. Contlnuous-wave techniques 
are used when highly accurate meas- 
urements are needed, and tend to be 
found in specialized research labora- 
tories. 

The simplest and most widely used 
technique for determining ultrasonic 
measurements is called the pulse- 
echo technique. A typical experimen- 
tel configuration consists of  a meas- 
urement cell containing the sample, a pulse generator, 
an ultrasonic transducer and an oscilloscope (Fig. la). 
The pulse generator produces an electrical pulse of an 
appropriate frequency, duration and amplitude. This 
pulse is converted into an ultrasonic pulse by the trans- 
ducer, which pmpegates through the sample until it 
re~hes  the far wall of the ngasurement cell where it is 
reflected back to the transducer (Fig. lb). The trans- 
ducer now acts as a receiver and conveas the ultrasonic 
pulse back into an electrical pulse, which is then 
displayed on the oscilloscope. Because each pulse is 
partially transmitted and partially reflected at the cell 
walls, a series of echoes is observed on the oscilloscope 
(Fig. lc). The velocity, attenuation coefficient and 
acoustic impedance are determined from these echoes. 
Each echo has traveled a distance twice the cell length 
(d) further than the previous echo, and so the velocity 
can be calculated by measmring the time interval (t) 
between successive echoes: c=2dlt. The attenuation 
coefficient is determined by measuring the amplitudes 
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(a), Schematic diagram of the experimental configuration used to cany ot~ a simple ultrasonic 
experiment (see text for further details). (b), An ultrasonic pulse travels through a sample and is reflected 
from the far wall. (c), The pulses are partly reflected and padly transmitled on each refleclion, fires a 
series of echoes is detected (only two are shown). The ullrasonic velocity and attenuation coefl~ient are 
determined by measuring the time interval (t) between successive e~hoes, and their relative amplitudes. 

of successive echoes: A=Aie-2~. The acous~¢ imped- 
ance can be determined by measuring the fraction of an 
ultrasonic wave that is reflected from the surface of a 
material 9. 

It is becoming increasingly popular to measure the 
frequency dependence of the uluasonic properties 
because ir~orma:ion can be obtained about the 
microstructure and molecular dynamics of foods ILl2. 
Traditionally, frequency scanning was perfonued by 
'tuning' one or mote transducers to a number of differ- 
ent discrete frequencies. Recently, more convenient and 
rapid methods have been developed that use Fourier 
transform analysis of  Ixoad-lmud ultrasonic pulses to 
measure the frequency dependence of the ultrasonic 
velocity, attenuation coefficient and acoustic im- 
l~l~m~,A~ 12. 

App l i a~ons  o f  Iow-i,-,~,-,~/ 
The possibility of  using low-intensity ultrasound to 

characterize foods was first .realized over 60 years ago; 
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however, it is only recently that the full potential of the 
technique has been realized I-3. There am a number of 
reasons for the current interest in ultrasound. 

• The food industry is becoming increasingly aware of 
the importance of developing new analytical tech- 
niques to study complex food materials t°, and to moni- 
tor properties of  foods daring processing t3, ultrasonic 
techniques are ideally suited to both of these appli- 
cationsZ-3.14. 

• Instruments can be fully automated, can make rapid 
and precise measurements, are non-destroctive and 
non-invasive, can easily be adapted for on-line appli- 
cations, and can be used to analyze systems that are 
optically opaque. 

. Rapid advances in microelectronics have led to the 
development of relatively inexpensive ultrasonic in- 
strumentation that is now commercially available. 

The basis of the uilrasonic analysis of  foods is the 
relationship between their measurable ultrasonic proper- 
ties (velocity, attenuation coefficient and impedance.) 
and their physicochemical properties (composition, 
structure and physical state). This relationship can either 
be established empirically by preparing a calibration 
curve that relates the property of interest to the 
measured ultrasonic propen'y, or thec~tically by using 
equations that describe the propagation of ulWasound 
through materials I-3. n. 

During the past 50 years, ultrasound has been used to 
measure a wide variety of  different properties of  foods 
(Table 1). "Ntis largely reflects the complexity and 
diversity of  food materials, as well as the versatility of 
the ultrasonic technique. 

Measurement of thickness 
Ultrasonic devices are commercially available that 

ac.curately measure the thickness of materials 9. An 
ultrasonic transducer is pressed against one side of the 
material that is to be analyzed, and a poise of ultrasound 
is transmitted into the sample. The time (t) this pulse 
takes to travel through the sample and to be reflected 
hack to the transducer is measured. The distance (d) 
that the pulse has traveled can be calculated once the 
velocity of  the ultrasound (c) in the material is 
known: d= et/2. 

The advantage of using ultrasound over other meth- 
ods is that it is necessary to have acces~ only to one side 
of the material being tested. Thus, it is possible to deter- 
mine the thicl~ass of materials that are difficult to 
measure using conventional techniques, such as pipes, 
chocolate layers on confectionery, fat or lean tissue in 
meat, liqnids in a can and egg shells t-3. 

Detection of extraneous matter 
~xtraneous matter, such as pieces of metal, glass or 

wood, often contaminate foods during processing. The 
presence of these materials in foods is undesirable, and 

it is therefore important to have analytical methods to 
detect them. Many foods are optically opaque so that 
methods based on the transmittance of light cannot be 
used. In conuast, many foods are acoustically transpar- 
ent, and are therefore amenable to study by ultrasound. 
When an ultrasonic pulse is transmitted into a sample, it 
will be reflected from any surfaces that it eacounters 
(providing that there is a large enough difference in the 
acoustic impedance of the object and the surrounding 
material). Materials such as glass, metal and wood have 
much larger acoustic impedances than most food com- 
ponents and can therefore be detected easily. The pres- 
ence of an object in a sample can be determined by 
measuring the time interval between the ultrasonic pulse 
reflected from it and the pu!se reflected from the back 
wall of  the sample container. By moving an ultrasonic 
transducer around the sample, it is possible to determine 
both the size and location of the object. 

Measurements of flow rate 
The rate at which a food material flows through a pipe 

is important in many food processing operations. A 
number of ultrasonic devices have been developed that 
can be used to measure the speed at which a food ma- 
terial flows through a pipe, including Doppler, transit- 
time and cross-correlatiou flow meters 2"9. Ullrasonic 
flow meters are suitable for determining flow rates of up 
to a few maters per second on systems ranging from a 
few millimeters (e.g. the flow of blood in a vein), to 
greater than a kilometer (e.g. the flow of water in rivers 
or oceans). Such ultrasonic flow meters measure the 
average flow velocity across a pipe; however, more 
sophisticated flow maters have been developed recently 
that allow measurements of  the flow profile across a 
p;.pe. It should also be noted that many ultrasonic flow 
meters actually measure the velocity of  the inhomo- 
geneities in a liquid, rather than that of  the liquid itself. 

Determination of composition 
The composition of foods plays an important role in 

determining their overall quality and cost, and so it is 
important to have analytical techniques that meast,.re 
food composition. Ultrasound has great potential for ana- 
lyzing the composition of foods, and a variety of  appli- 
cations have already been developed (Table 1). The 
major advantages of ultrasound over other techniques 
are that it is both non-destructive and rapid, can be used 
on systems that are optically opaque and can easily be 
adapted for on-line measurements. 

The application of ultrasound for the determination of 
composition relies on there being a significant change in 
the ultrasonic pw.perties (e.g. velocity, attenuation or 
in~pc@ance) of  a food as its composition varies. The 
greater the magnitude of the change, the more accu- 
rately the composition can be determined. For example, 
~ u'ltrasonic velocity of  a sugar solution increases by 
~ 4 m s  -~ for each 1% increase in the sugar concentration 
at 20°C. As it is simple to measure the ultrasonic veloc- 
ity cf  a solution to 0.4 m s -a, the sugar concentration can 
be determined to within 0.1%. This technique has been 
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used successfully to determine the [Ta~el .Some 
sugar concentration of various fruit e x a n ~ e f t h e a p l d l c a ~ d ~ u l l r a m e m l i a ~  f eml~ tv /*  

juices and drinks ss- Ii ~ feed ~ ~ 

Particle size 
The size of  the paRicles comprising i Composition Sugar,~.entration of aqueous solutions c 

~lt ~ of bdne c 
dispersed systems, such as emulsions, Triacylglycerols in oils 
suspensions and foams, often has a 
pronounced effect on their overall 
physicocbemical properties, for exam- 
ple on their  stability, appearance, 
taste and microbiological status. 
Consequently, it is useful for food sci- 
entists to be able to measure particle 
size. Conventional methods, such as 
electron microscopy, light microscopy 
and laser diffraction, require exten- 
sive sample preparation or optically 
Iransparent solutions. Ultrasound 
therefore has important advantages 
over these techniques because no 
sample preparation is necessary, and 
measurements can be made on line. 

Ultrasound can he used to deter- 
mine particle sizes in emulsions or 
suspensions in a manner that is analo- 
gous to light scattering 16. An ultra- 
sonic wave incident upon an ensem- 
ble of panicles is scattered by an 
amount that depends on the size and 
con..~entration of the particles. The 
ultrasonic velocity and attenuation 
coeff ic ient  both depend on the degree 
of scattering, and can therefore be 
used to provide information about 
particle size. In fact, it is possible to 
determine both the size and concen- 
tration of droplets in an emulsion or 
suspension by measuring the frequency 
dependence of the ultrasonic velocity 

Phase transitions 

Particle size 

Miscellaneous 

c,a 
Droplet concenlration of emulsions 
~ c o ~ e ~ o f ~  Cca 
Air bubbles in aerated fonds c,a,Z 
Composition of milk c, a 
Ratio of fat to lean in meals c,e 
giopolymer concentration in gels c, a 

Milk-fat globules c, 
Tdacylglycerols in fatty foods c, a 
Water in meat c, a 

Oil droplets in salad cream c, a 
Milk-fat globules c, - 
Casein micelles c, a 
Air bubbles in aerated foods c, a, Z 

Quality of eggs c, a 
Ripeness of fruit c, a, z 
Texture of biscuits c, t~ 
Gelation of gels c, a 
Cracks in cheese c, a, Z 
Flow rate of liquids in pipes t 
Level of liquids in tanks t 

Detection of extraneous matter t ,Z 
Monitoring enzymatic reactions c, a 
Molecular interactions of solutes c, a 
Structure of bk3poi.vmers c, a 
Creaming profiles of emulsion drof.~ets c;ta 
Temperature o~ foods 
Imaging of microbial growth t, Z 

JData taken from Re~ 1-3,10,13-21 
c, Ultrasonic velocity 
a, Attenuation coefficien ~ 
Z, Acoustic impedance 
t, Time for a pulse to b-avel through the sample and to be reflected back to the I ~ r a ~  

and/or attenuation coefficienL and then determining the water, and so droplets in oil:m-water emulsions move 
particle size distribution that gives the best 'tit' between upwards owing to gravity ('creaming'), whereas those 
the measured ultrasonic properties and those predicted in water-in-oil emulsions move downwards ('sediman- 
by theoretical equations that describe the propagation of ration'). The rate at which these processes occur often 
ultrasound in emulsions 16. For many emulsions, there is 
good agreement between theoretical predictions and 
experimental measurements up to concentrations of 
30-40%. By taking ultrasonic measurements over a wide 
range of frequencies, it is possible to analyze pa~cles 
as small as 0.02 itm, and as large as a few millimeters. 
As well as the applications of ultrasound listed in 
Table 1, there are many other food systems for which 
ultrasound would be useful for particle sizing; these 
include mayonnaise, cream liqueurs and margarine. 

Determinat ion o f  creaming and sedimentat ion profi les 
An application of ultrasound that is becoming increas- 

ingly popular in the food industry is the determination 
of creaming and sedimentation profiles in emulsions and 
suspensions. Oils usually have lower densities than 

determines the shelf life of a product. The principle of 
this application is the measurement of the ultrasonic ve- 
locity and/or attenuation coefficient as a function of 
sample height and time. The ultrasonic parameteF, are 
then converted into the physical property of interest (i.e. 
particle concentration or size), -_.*ing appropdate math- 
ematical equations. Thus. a detailed analysis of cremn- 
ing and sedimentation in complex food systems can be 
monitored non-invasively. This technique can be fully 
automated, and has the advantage that creaming can he 
detected before it is visible to the eye. In addition, a 
detailed creaming profile can be determined rather than 
a single boundary. This technique should be particularly 
useful for studying the instability of dairy emulsions, 
fruit juices, mayonnaises, cream liqueurs and salad 
creams. 
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Phase transitions 
Many foods contain components that undergo some 

form of phase transition during manufacture, storage or 
consumption, for example the melting or crystallization 
of sugars, oils or water. As the ultrasonic properties of a 
material change significantly when it melts or crystal- 
lizes, ultrasound can be used to monitor phase transi- 
tions. One of the most commonly used methods is to 
measure changes in the ultrasonic velocity with time or 
temperature. The ultrasonic velocity of  solids is signifi- 
cantly g~eater than that of liquids; thus, the ultrasonic 
velocity of  a sample increases when a component crys- 
tallizes, and decreases when it melts. Ultrasonic velocity 
measurements have been used to monitor crystallization 
and melting behavior in a variety of bulk and emulsi- 
fied food fats, incluOing margarine, butter, meat and 
shortening (Table 1). 

Ultrasonic imaging 
Ultrasound is routinely used in medicine and ma- 

terials research to provide images of the internal struc- 
ture of  materials. The same ultrasound techniques can 
also be applied in food science. Indeed, imaging tech- 
niques have already been used to provide information 
about the ratio of  fat and lean tissue, both in live ani- 
mals and in carcasses. In fact, there are over 100 refer- 
ences to the use of ultrasound for greding auimals in the 
Food Science and Technology Abstracts (196f-1995). 
In contrast to many other applications of ultrasound in 
the food industry, ultrasonic inspection of meet quality 
has developed to the stage where comme~ini instru- 
ments are available. Ultrasound imaging would also 
be useful for monitoring creaming and sedimentation 
processes in emulsions and suspensions, detecting ex- 
traneous matter and measuring crystallization profiles in 
foods. Ultrasonic imaging instrumentation can now be 
purchased at relatively low cost (<$30000), and will 
almost certainly see greater use in the food industry in 
the near future. 

Advantages and limitations 
The main advantages of ultrasound are that it is rapid, 

precise, non-destructive and non-invasive and can be 
applied to systems that are concentrated and optically 
opaque. In addition, it can easily be adapted for on-line 
meastxements, which would prove useful for monitor- 
ing fc~l  processing operations. 

One of the major disadvantages of ultrasonic tech- 
n iqu~ is that the pre~nce of small gas bubbles in a 
sample can attenuate ultrasound so much that an ultra- 
~ r :  wave cannot be propagated through the sample. 
Thi:; problem can sometimes be overcome by taking 
refl,~tion rather than transmission measurements; how- 
ever, the signal from the bubbles may obscure those 
from other components. Another potential problem is 
that a lot of  information ebout ",he ~ermophysical prop- 
er~ies (e,g. densities, compressibilities, heat capr~cilies 
and thermal conductivities) of  a material is needed in 
order to make theoretical predictions of its ultrasonic 
properties. Theoretical analysis of the data from systems 

containing many components with unknown properties 
may therefore be limited. Even so, this should not be a 
problem if the same system that is being studied is 
examined routinely. In addition, it is possible to use 
ultrasound in a purely empirical fashion, by preparing 
a calibration curve of some measurable ultrasonic 
parameter versus the physical property of interest. 

Applications of high-intensity ultrasound 
The principal difference between the appficafions of 

high- and low-intensity ultrasound is the power levels 
used 5. At low intensities, the power levels are so small 
that they do not alter the prope~es of the material 
through which the ultrasound propagates. At high inten- 
sities, an ultrasonic wave generates intense pressure, 
shear and temperature gradients within a material, 
which can physically disrupt its structure, or promote 
certain chemical reactions. The design of the ultrasonic 
transducers used to generate high-intensity ultrasonic 
waves is usually very different from that of  those used 
for low-intensity ultrasound applications 5. 

There are a large number of potential applications of 
high-intensity ultrasound in the food industry. Early appli- 
cations included cell dismpfiun, degassing of liquids, 
cleaning, homogenization of emulsions and dispersion 
of aggregated materials 4. A number of novel appli- 
cations of high-intensity ultrasound have been devel- 
oped in the past few years, and some of these are men- 
tioned below. 

Promotion of oxidation reactions 
Free radicals are generated in water in the presence of 

high-intensity ultrasonic waves because of the extreme 
temperatures and pressures producad6:1-120 ~ -H + .OH. 
Ultrasound has been observed to promote oxidation 
reactions in a number of alcoholic beverages, which can 
be either beneficial or detrimental to their taste 6. 

Enzyme inhibition 
Prolonged exposure to high-intensity ultrasound has 

been shovn~ to inhibit the catalytic activity of  a number 
of food enzymes, including pepsin 6. This is probably 
because the intense pressures, temperatures and shear 
forces generated by the ultrasonic waves denature the 
protein. However, in some cases, solutions containing 
enzymes have been found to have increased activity 
following short exposures to ultrasound. This may be 
due to the ability of  ultrasound to break down molecular 
aggregates, making the enzymes more readily accessible 
for rea~ou.  

Destruction of microorganisms 
High-intensity ultrasound has beeft used to faci'dtate 

the microbial decontamination of vv:~ious types of food, 
probably because the high pressor~s, shear forces and 
temperatures generated in the nTaterial disrupt the 
integrity of  the microorganisms 7. Ultrasound seems to 
be particularly effective when used in combination with 
other decontaminatiort tachnique~., such as hea~tg, 
extremes of pH or chlorination 7. 
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Acoustically assisted diffusion rapid and lzrecise ~ ,  caa be used on line or 
High-intensity ultrasound can he used to accelerate in a laboratory, is non-desm~ve  and can be applied to 

the diffusion of molecules across membranes and optically opequ¢ systems. It is snxprisiag therefol~ that 
porous materials s. This effect has been attributed to it is not more widely used in the food industry; how- 
acoustic streaming, which is the net movement of  fluids ever, this situation will almost certainly chaage as new 
in the presence of high-intensity ultrasonic fields. 
Accelerated diffusion may lead Io reduced drying or 
rehydration times. Ultrasound may also facilitate 
filtration, ultrafiltration, dialysis and reverse-osmosis 
processes by continuously 'cleaning' the interface s . 

Modification of meat 
Prolonged exposure of meats to high.intensity ultra- 

sonic waves has been shown to lead to significant ten- 
derization 6. In addition, the application of ulWasound to 
meat facilitates the release of myofibrillar proteins, 
which are responsible for binding the pieces of meat 
together in formed meat products. Thus, ultrasound 
can lead to improved physical properties of meat prod- 
ucts, such as water-binding capacity, tenderness and 
cohesiveness. 

Modification of crystallization 
Crystallization can only occur when a material has 

been supercooled below its melting point. High-inten- 
sity ultrasound can be used to decrease the degree of 
supercooling required to cause nucleation and subse- 
quently crystallization, and also to alter the number and 
size of crystals formed 6. These effects may be because 
small bubbles produced by high-intensity ultrasonic 
waves act as nuclei, or because fluctuations in the 
pressure and temperature associated with the ultrasonic 
wave disturb the equilibrium between solid and liquid 
phases. By contrulling the intensity, duration and fre- 
quency of the ultrasonic waves, it may prove possible to 
modify the size and concentration of the crystals pro- 
duced. Experiments with concentrated sucrose solutions 
have shown that the number of small crystals can he 
increased gready by subjecting the supercooled solu- 
tions to ultrasound e. Ultrasonic modification of crystal- 
lization Imcesses may prove to he a useful tool for 
altering th¢: properties of  many foods, for example for 
t,he modification of the properties of edible fats and 
spreads, ice creams, chocolates and whipped creams. 

Most of... the applications of high-intensity ultrasound 
to foods have been empirical in nature: the food is sub- 
jected to ul t rasound, and changes in the properties are 
recorded. More fundamental research is needed to estab- 
fish the relationship between the duration, intensity and 
frequency of ultrasonic waves and their effects on the 
properties of food materials. 

Future diR~,ions 
Applications of both high- and low-intensity ultra- 

sound in the food industry have already been shown to 
have considerable potential for either modifying or 
characterizing the properties of  foods. In many 
instances, tecladques based on ultrasound have consid- 
erable advantages over existing technologies. Low- 
intensity ultrasound is fairly inexpensive, is capable or" 

ultrasonic instruments become available, and food 
scientists become more aware of the potential of  the 
technique. Ultrasound is certainly not applicable to the 
characterization of every type of  food material, but there 
are many foods for which the teclmique does have 
considerable advantages over existing technologies. I 
believe that the application of  ultrasound techniques is 
most likely to prove fruitful in the near future for moni- 
toring the concentration of aqueous solutions and sus- 
pend,ions, d e ~ g  droplet size and concentration in 
emulsions, monitoring cryslallD.~ion in fats, alld molfi- 
toting creaming profiles in emulsions and suspensions; 
in particular, for ou-line determination of  these proper- 
ties during processing. 

The usefulness of high-intensity u l ~  for modi- 
fying certain physical and chemical  propert ies of foods 
has been realized for many years. Nevertheless, it is 
only fairly recently that mamffaclmers have begun to 
adapt laboratory-scale equipment for large-scale pro- 
cessing operations. The increasing use of high-intensity 
ultrasound depends largely on the availability of  low- 
cost instrumentation that is proven to have significant 
advantages over alternative technologies. 
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