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ABSTRACT 

An innovative technology based on the use of ultrasonic cylindrical standing waves for continuous monitoring of 
quality of various liquid food products, such as milk, juice, beer, wine, and drinking water, is described. A proprietary 
unique feature of the developed ultrasonic analyzer is that it employs a combined mode of operation using both high-
intensity (5 W/cm2) waves for separation and concentration of the large particles (fat globules, bacteria, or yeasts) and 
low-intensity (0.5 W/cm2) waves for compositional analysis. High accuracy for sound velocity (> 0.001%) and sound 
absorption (~0.5%) measurements and rapid testing time (5-20s) have been achieved. Comparative analyses of the ul-
trasonic method with standard reference techniques have produced linear calibration curves for major components, 
with correlation coefficients higher than 0.95. It is thus possible to monitor total protein and fat content, and somatic 
cell count in raw milk in cowsheds, or salinity, turbidity, specific gravity, and particles (bacteria) in drinking water 
directly. Advantages of the proposed technology include its reagent-free nature, no need for sample pretreatment, 
ease-of-use, and low cost. 

INTRODUCTION 
 

Ultrasonic properties are very sensitive to composition of 
liquid food products. The first applications of ultrasound for 
food quality control started 50 years ago for determining 
alcohol in beverages, and fat in milk. Now the list of applica-
tions for optimization of quality of food products comprises 
hundreds of items. Multiple informative ultrasonic parame-
ters can be measured: sound velocity and its temperature 
dependence, absorption and its frequency dependence, acous-
tic impedance and scattering (Table 1).  

Table 1. Ultrasonic characteristics of liquids 

Currently available commercial ultrasonic devices for scien-
tific applications, based on plane standing waves and pro-
duced by Sonas Technologies Ltd (Dublin, Ireland) or by TF 
Instruments GmbH, Heidelberg, Germany) allow one to 

measure all of these ultrasonic properties, but cost about 
$100,000 and may not be applicable for all food industry 
applications. 

CYLINDRICAL ULTRASONIC RESONATORS 

In this paper we discuss an emerging technique using cylin-
drical ultrasonic standing waves. The unique simplicity of 
the cylindrical-wave-based device derives from the construc-
tion of the ultrasonic measuring chamber. This is just a tube, 
typically 5-10mm long, excited at natural frequencies of radi-
al oscillations of the liquid column filling the tube. Devices 
based on the standing cylindrical waves will be far superior 
to other ultrasonic measurement instumentation in respect to 
industrial requirements such as cost, precision, ease of use in 
flow-through systems, and measurement of small samples of 
a few microliters. Our group, in collaboration with Artann 
Laboratories (NJ, USA), has been developing a variety of 
cylindrical ultrasonic resonators for food industry applica-
tions that use radially oscillating PZT piezoceramic tubes or 
their segments [1]. We discuss mainly compositional analysis 
of food products by using low- and high-intensity cylindrical 
waves. Applications of other types of standing wave resona-
tors were described recently in other reviews for food testing 
[2-4] as well as for large particle separation and manipulation 
[5, 6].  

Open piezotube 

The open piezotube has a single radially-polarized piezoce-
ramic tube (Figure 1A). Open piezotube resonators are very 
effective for simple dip-in monitoring of one or two acoustic 
parameters; for example, sound velocity and absorption. A 
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differential version of an ultrasonic sugar analyzer has one of 
the resonators filled with water and a second with juice or 
other beverage [7, 8]. The main problem with the open piezo-
tube is the difficulty of maintaining a constant temperature 
due to its low thermal conductivity. The cylindrical mea-
surement chamber of the open piezotube is optimal for on-
line monitoring (5s) and for easy cleaning. 

Composite piezotube  

Most industrial applications need high thermal stability of the 
sample during its analysis. The composite piezotube, where a 
metal tube is covered by two or more segments of cylindrical 
piezoceramics (Figure 1B), has a high thermal stability. Such 
resonators have been used in a multi-parametric liquid ana-
lyzer, where a thermostability of 0.01°C is obtained in 20s. It 
is just a temperature slope from 20 to 30°C that enables spe-
cifically determining alcohol in wine and beer, or fat in milk. 
In addition, metal tubes of the composite piezotubes can be 
used as electrodes for conductivity measurements at various 
frequencies [9, 10].  

  

 

 

 

 
  
 
 
 
 
 
 
 
 

Figure 1. Open piezotubes with a single radially-polarized 
piezoceramic tube (A, B). Composite piezotubes with a metal 
(C) and a glass tube (B) covered by segments of cylindrical 

piezoceramics  

Multiple sample components may be determined simulta-
neously by measuring more acoustical and physical proper-
ties of the sample. Thus, for example, in milk we have five 
main components: fat, protein, sugar, salt, and water, which 
can be measured directly at concentrations as low as 0.1%. 
By measuring at least five independent parameters, such as 
sound velocity, absorption, conductivity, and the temperature 
dependencies of sound velocity and absorption, one can get a 
single-valued solution of all equations and determine all main 
components of the milk in 20s (Table 2). In wine and beer 
this method allows one to test alcohol, sugar, extracts and 
specific gravity; and in water – salinity, turbidity, organics, 
and conductivity. The detection is fast, inexpensive, and re-
quires as little as a drop of sample. 

Table 2. Ultrasonic food product analysis 

Closed piezotube 
 
Figure 2 shows a third version of a cylindrical standing wave 
resonator, the closed piezotube. By limiting the ratio of 
length to radius of the tube of the resonator, one can signifi-
cantly improve the quality factor and obtain high-resolution 
ultrasonic measurements. The closed piezotube includes non-
interference bands formed by constrictions for isolating the 
area of the standing wave oscillations. Without such constric-
tions, waves traveling along the long axis would interfere 
with the standing waves within the resonator cavity and inter-
fere with the clean separation of the large particles [11, 12]. 
In Figure 2 the resonance characteristics of the open piezo-
tube and closed piezotube are compared.  

 

 

 

 

 

 

 

 

 

 
Figure 2. The resonance characteristics of this closed piezo-
tube (A) in comparison to the composite piezotube (B). At 

right is a schematic view of the closed piezotube, having the 
limiting ratio tube length/radius of 1.5 

 The improved quality factor of the closed piezotube allows 
us to reach a higher intensity and to achieve a new feature of 
the cylindrical standing wave resonator: ability to concentrate 
and separate large particles (bacteria, cells, yeasts, fat glo-
bules) of the sample by the acoustic radiation forces. The 
cylindrical standing waves of high intensity create an acous-
tic radiation force that forms two areas of pressure, the node 
and anti-node, where the particles can be trapped and deter-
mined (Figure 3).  

Figure 3. Node and anti-node areas of closed piezotube with 
two segments of piezoceramics (A) and the stages of concen-

trating of the large particles in the central node (B) [12] 
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It is important to mention that the process of concentrating of 
particles in the closed piezotube is 200 times more efficient 
than in the plane standing wave resonator. This advantage 
can be increased a number of times if we use several reson-
ance modes in the resonator, thus moving the particles from 
different nodes to the central node area [12].  
 

Multifunctional piezotube 

 The last type of resonator is the multifunctional piezotube, 
which employs a combined mode of operation using both 
high-intensity, low-frequency (5 W/cm2, 1 MHz) waves for 
separation and concentration of the large particles and low-
intensity, high-frequency (0.5 W/cm2, 20 MHz) waves for 
compositional analysis (Figure 4). Acoustic-radiation-force-
induced motion of particles in the swept-frequency mode 
provided effective stirring and mixing of fluids in the multi-
functional piezotube and resulted in high accuracy of sound 
velocity measurements (up to 0.0001%), and of absorption 
(about 0.5%), and rapid testing time (5-20s). Comparative 
analyses of the ultrasonic method with standard reference 
techniques have produced linear calibration curves for major 
components, with correlation coefficients higher than 0.95. It 
is thus possible to monitor directly in raw milk in cowsheds: 
protein and fat content and somatic cell count, or in drinking 
water salinity, turbidity, specific gravity, and bacteria.  

 

Figure 4. Ultrasonic device based on multifunctional piezo-
tube combining high-intensity unit for separation of the par-

ticles and low-intensity unit for precise measurements of 
sound velocity and sound absorption 

 

ANALYSIS BASED ON ACOUSTIC RADIATION 
FORCES 

The new version of the cylindrical ultrasonic food analyzer is 
based on high-intensity standing waves for preliminary sepa-
ration and concentration of the lardge particles (fat globules, 
somatic cells, yeasts) by the acoustic radiation forces and 
low-intensity standing waves to measure their content. Pre-
liminary testing of the analyzer was carried out on the milk 

samples of five cows milked 2 times a day for one 
month.  More than 300 samples of the raw milk from Kibbutz 
Tzora, Israel were tested and analyzed. Obtained results 
demonstrate the possibility of rapid measurements (20s) and 
a good correlation with the central certified laboratory for 
milk quality testing run by the Cattle Breeding Association of 
Israel. Continuous monitoring of milk fat and somatic cell 
count, which typically have high day-to-day variation, pro-
vide a much-needed tool for dairy management and for vete-
rinary diagnostic purposes. It was found that milk production 
level, stage of lactation, and outside temperature have signifi-
cant influence on the milk composition [11]. Ultrasonic tech-
nology can be incorporated as an add-on-line component in 
existing flow-through systems. This will enable continuous 
on-line monitoring of the quality of dairy milk, and will fa-
cilitate the prediction of mastitis by the determination of the 
main components: fat (accuracy (±0.04%), protein (±0.03%), 
sugar (±0.04%), somatic cells (±50,000 cells/ml or 30%). 

LABELS FOR ULTRASONIC BIOSENSORS 

Enzymes 

Combining the acoustical manipulation of the particles and 
precise analysis in the multifunctional piezotube allows con-
siderably improved ultrasonic monitoring of enzymatic and 
immune reactions. Sensitivity of acoustic detection of enzy-
matic reactions is determined by their rate and acoustic ef-
fect. In the case of low-molecular-weight substrates, the 
acoustic effect is mainly determined by changes in hydration. 
For high-molecular-weight substrates, one more effect influ-
ences a change in compressibility; the loss of a compact 
structure of biopolymers results in an increase of the acoustic 
effect by several orders of magnitude. This effect occurs to a 
great degree in the hydrolysis of starch and globular proteins 
(casein, ovalbumin), when intraglobular interactions are re-
placed by hydrational ones (Table 3). Calibration curves for 
all tested enzymes, and especially for hydrolytic enzymes, 
have extremely wide ranges of concentration measurements 
(four orders of magnitude) and high sensitivity (up to 0.4 
ng/mL for -amylase [13]).  

Table 3. Acoustical detection of enzymatic reactions by pre-
cise measurement of sound velocity 

 

Bacillary -amylase was proposed as an enhancer of the 
detected signals in the biosensors and as a label for ultrasonic 
enzyme immunoassay of different toxins and hormones in 
food products. This assay is based on activity modulation of 
an amylase-antigen conjugate as a result of conformational 
changes in the catalytic site caused by interaction with anti-
bodies. The enzymatic activity is restored after adding the 
sample to be tested if it contains antigen [14].  

Antibody-coated particles 

The acoustical manipulation of the particles and high-
frequency monitoring can considerably improve the speed 
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and sensitivity of the widely used latex agglutination immu-
noassay of pathogens (E. coli, Salmonella). The latex immu-
noassay is based on agglutination of pathogens by antibody 
cross-linkages established when antibody-coated latex par-
ticles react with a pathogen. This assay is fast, but lacks sen-
sitivity to small concentrations of pathogens. We used the 
multifunctional piezotube to accelerate the latex immunoas-
say and to provide quantitative determination of pathogen 
concentration by monitoring change in sound velocity. This 
is exemplified for Rota-virus, E. coli and Salmonella [15-17]. 
We used high ultrasonic intensity and a laminar flow to trap 
and concentrate selectively bacteria attached to antibody-
coated latex particles. Under the conditions chosen [15], the 
acoustic radiation forces acting on attached bacteria drives 
them directly to the node (Figure 5). Free latex particles, as 
well as free bacteria, are not trapped and are washed out of 
the separation area by the aqueous flow, resulting in high 
specificity and sensitivity of the assay. Ultrasonic method 
enabled sensitivity down to 3·105 CFU/mL E. coli O157 and 
8·105 CFU/mL Salmonella, compared to sensitivity of 1.7·107 
CFU/mL E. coli O157 and 1.3·108 CFU/mL Salmonella ob-
tained by the standard latex agglutination immunoassay. 
Since response time is critical, real-time monitoring is much 
more effective than physical sampling-based-monitoring with 
sample collection frequency of 24 hours. 

 

 

 

  

 

Figure 5. Electron micrographs of E. coli (left) and Salmo-
nella (right) pretreated by ultrasonic standing waves 

 

SUMMARY 

The direct analysis of food products by cylindrical ultrasonic 
devices allows simultaneously determining 3-5 components 
at concentrations as low as 0.1% in 5-20s. Using cylindrical 
acoustic radiation forces allows one to increase the sensitivity 
of determining large particles (fat globules, bacteria or yeast) 
and to reach a detection limit as low as 0.0001%. Further 
increasing of the specificity and sensitivity of the ultrasonic 
analysis of biologically active compounds (hormones and 
toxins) in food products can be achieved by using enzymes or 
antibody-coated particles as labels. 

The described liquid analyzers based on cylindrical ultrasonic 
standing waves are very effective for continuous monitoring 
of quality of various food products, such as milk, juices, 
wine, and drinking water. The cylindrical measurement 
chamber is optimal for on-line monitoring and easy cleaning. 
Advantages of the proposed technology include its reagent-
free nature, no need for sample pretreatment, ease-of-use, and 
low cost.  
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