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Chapter 6
Ultrasound and Food Fermentation

K. Shikha Ojha, Colm P. O’Donnell, Joseph P. Kerry, and Brijesh K. Tiwari

6.1  �Introduction

Food fermentation which has been reported since ancient times involves chemical 
transformation of complex organic compounds into simpler compounds by the 
action of enzymes and microorganisms including yeast, moulds and bacteria 
(Corma, Iborra, & Velty, 2007). Fermentation processes have been developed for 
the production of a wide range of products from chemically simple compounds, 
e.g. ethanol to highly complex macromolecules, e.g. polysaccharides. The modern 
fermentation industry is highly competitive and innovative, and has been at the 
forefront in assessing the potential of new technologies to improve fermentation 
processes and yield higher quality products. The literature suggests that novel 
technologies for food fermentation will assist food processors to meet both con-
sumer demands for higher quality and safer products and the food industry demand 
for energy efficient processes (Pereira & Vicente, 2010). The food fermentation 
industry requires novel techniques to improve the productivity and quality of fer-
mented products along with the new analytical tools to study and monitor complex 
fermentation processes. Various novel processing and monitoring technologies 
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including ultrasound have been investigated to enhance the productivity and pro-
cess efficiency of food fermentation.

Ultrasound is a versatile technology which is ideally suited to both processing 
and monitoring applications. Ultrasound is employed in various sectors including 
chemical, bioprocessing, food processing, pharmaceutical, medical and defence 
(Awad, Moharram, Shaltout, Asker, & Youssef, 2012; Chemat & Khan, 2011). 
Within the food industry, high frequency ultrasound is typically used as a non-
destructive, non-invasive analytical technique for quality assurance, process 
monitoring and control, whereas low frequency sonication is employed for pro-
cess intensification.

This chapter provides an overview of the theory and fundamentals of ultrasound 
technology. Potential applications of ultrasound in food fermentation and process 
monitoring applications are also discussed.

6.2  �Fundamentals of Ultrasound

Ultrasonic waves are sound waves having frequencies above the human hearing 
range (>16 kHz). Ultrasonic waves can be classified based on frequency into 
three categories, namely: (1) power ultrasound (20–100  kHz); (2) high fre-
quency or extended range for sonochemistry (20 kHz–2 MHz) and (3) diagnos-
tic ultrasound (>1 MHz). Generally, from an application perspective, ultrasonics 
can also be broadly classified as low intensity (<1 W/cm2) and high intensity 
(10–1000 W/cm2) sonication. High frequency ultrasound employs low power 
levels which exert no or minimal physical and chemical alterations in the mate-
rial through which the waves pass, hence it can be employed for food analysis 
and quality control applications. In contrast, the low frequency ultrasound 
employs higher power levels to induce desirable physical and chemical modifi-
cations for various bioprocessing applications.

Ultrasound is a form of vibrational energy produced by ultrasonic transduc-
ers which convert electrical energy into vibrational sound energy. Ultrasonic 
transducers are also capable of converting sound waves into electrical energy 
and are available in a range of size and frequencies depending on the applica-
tion. Piezoelectric and magnetostrictive are the two most commonly used 
transducers (Mason & Peters, 2002). Various transducer types and generation 
of low or high frequency ultrasonic waves for a wide range of food and non-
food applications have been reviewed extensively (Mattiat, 2013; Nakamura, 
2012). However transducer types and their mechanisms of action are outside 
the scope of this chapter.
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6.2.1  �Low Frequency Ultrasound

Low frequency ultrasound generated using a transducer is transmitted using either 
an ultrasonic bath or probe based system operating at various frequencies. Placement 
of the transducer is important for even distribution of ultrasonic energy for process 
intensification. The major advantage of a bath system arrangement is that transduc-
ers are not in direct contact with the sample, but significant losses of acoustic energy 
occur to the vessel and surroundings. One of the most important aspects of the use 
of power ultrasound in food fermentation is the need to determine the optimum 
amount of acoustic energy to be applied. There are several methods to measure the 
energy input and one of the most commonly employed methods is calorimetry. 
Ultrasonic power, intensity and acoustic energy density can be calculated using the 
following equations (Eqs. 6.1–6.3).
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(6.1)

	
Ultrasonic intensity W cm/ 2( ) = P

A 	
(6.2)

	
Acoustic energy density W mL/( ) = P

V 	
(6.3)

where m is the mass, Cp is the specific heat capacity, A is the area of the radiating 
surface, V is the volume and (dT/dt) is the initial rate of change of temperature dur-
ing sonication which can be determined by fitting the data obtained for temperature 
rise (using a standard thermocouple) against time to a polynomial curve and extrap-
olating to time (t) = 0.

6.2.2  �High Frequency Ultrasound

The basic principle of high frequency ultrasound employed for food process moni-
toring and analysis is based on absorption, reflection and transmittance of sound 
waves when passed through a medium. The velocity with which an ultrasound wave 
passes through a medium is dependent upon the medium properties, e.g. density and 
resistance offered by the medium to the propagating sound waves. Ultrasonic veloc-
ity, acoustic impedance and acoustic absorption are key ultrasound properties which 
enable characterisation and measurement of various physico-chemical properties of 
fermentation media. Ultrasonic velocity (c) is determined by the density (ρ) and 
elasticity (E) of the medium (Eq. 6.4). Acoustic impedance is determined by the 
density and ultrasonic velocity (Eq. 6.5), whereas acoustic absorption in a medium 
is influenced by the sound frequency and viscosity of the medium (Eq. 6.6). In the 
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case of complex solutions including non-homogenous solutions containing bubbles 
or insoluble particles, acoustic absorption is also influenced by thermal relaxation 
and scattering losses

	

Ultrasonic velocity c
E( ) =
r

	

(6.4)

	
Acoustic impedence Z c( ) ×= r

	
(6.5)
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ηv and ηs are the bulk and shear viscosity, f is the frequency

	
Acoustic absorption viscous thermal relaxation scatta a a a a( ) = + + + eering 	

(6.7)

The changes in key acoustic properties along with advanced signal processing tech-
niques facilitate continuous control and monitoring of fermentation processes 
(Schäfer, Carlson, & Hauptmann, 2006). Determination of acoustic impedance and 
absorption is challenging; however, precise measurement of velocity is possible by 
measuring the time of flight via a known constant sound path (Henning & 
Rautenberg, 2006).

Pulse-echo and continuous wave ultrasound are the two most commonly 
employed techniques in ultrasound sensors for monitoring applications. The 
pulse-echo technique requires a transducer and oscilloscope and is the most popu-
lar method for the determination of acoustic velocity and attenuation in solids and 
liquids (Pal, 2015). In this technique an ultrasonic transducer is attached to a fer-
mentation vessel which transmits a signal through the fermentation chamber con-
taining the sample which is reflected back to the transducer after hitting the 
fermentation chamber wall (Fig.  6.1). The continuous wave technique (also 
known as through transmission) employs either two transducers one for emitting 
and another for receiving signals or one single transducer (dual element trans-
ducer) capable of continuously receiving and emitting signals. A dual element 
transducer is useful for thickness measurement of thin materials and for measure-
ment of surface properties (Mitri, Kinnick, Greenleaf, & Fatemi, 2009). In the 
continuous wave technique, one transducer converts electric pulses to ultrasonic 
waves which are transmitted through a chamber while the second transducer con-
verts the ultrasonic signal transmitting through the sample to electric signals 
which are recorded by oscilloscope. The signals transmitted through the sample 
can be used to monitor concentrations and biochemical transformations occurring 
within the fermentation chamber using key ultrasonic properties.
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6.2.3  �Physical and Chemical Effects of Ultrasound

Physical and chemical phenomena of ultrasound associated with ultrasound fre-
quencies include agitation, vibration, pressure, shock waves, shear forces, micro-
jets, compression and rarefaction, acoustic streaming, cavitation and formation of 
free radicals. The physical effects of ultrasound are dominant in the lower frequency 
range of 20–100 kHz with a higher level of transient cavitation, whereas chemical 
effects are dominant in range of 200–500 kHz due to generation of large number of 
active bubbles (Feng, Barbosa-Cánovas, & Weiss, 2011). Acoustic streaming is 
dominant at higher frequencies (>1 MHz) with less physical and chemical effects 
associated with cavitation. Acoustic streaming is a physical force of the sound due 
to a pressure gradient which is capable of displacing ions and small molecules. 
Cavitation or Blake threshold is defined as the lowest acoustic pressure at which 
bubble formation is observed. The phenomenon of the creation, expansion and 
implosive collapse of microbubbles in ultrasonically irradiated liquids is known as 

Fig. 6.1  Ultrasound based set-up in a fermentation tank for monitoring of fermentation process 
(modified from Novoa-Díaz et al., 2014)
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“acoustic cavitation” (Fig. 6.2). At higher frequencies acoustic pressures are lower 
and hence cavitation rarely occurs, whereas at low frequencies, ultrasound waves of 
high acoustic pressures are possible, hence cavitation is observed.

The effectiveness of ultrasound on microorganisms and enzymes employed 
for fermentation is strongly influenced by various factors including microbial 
ecology (e.g. type of microorganism, medium type and composition), ultra-
sound parameters (e.g. ultrasound power and frequency), sonication time, pH 
and temperature (Moncada, Aryana, & Boeneke, 2012). Studies have shown 
that ultrasound can inactivate microorganisms. However inactivation of micro-
organisms occurs at low frequencies, whereas when microbial cells are exposed 
to a higher frequency range microbial cells are minimally affected with no sig-
nificant effect on cell viability. For example, Radel, McLoughlin, Gherardini, 
Doblhoff-Dier, and Benes (2000) did not observe any significant changes in the 
viability of yeast cells even though some rearrangement of cellular components 
was reported when subjected to ultrasonic frequency at 2.2 MHz. Rearrangement 
of cellular components was principally due to damage of vacuoles within the 
cell while the nucleus and cell wall were unaffected. Inactivation of microor-
ganisms using low frequency sonication is due to various chemical and physical 
effects including localised heating, intracellular cavitation, acoustic streaming, 
micromechanical shock waves, and sonolysis of water (H2O → H++OH−) leading 
to the production of free radicals (O’Donnell, Tiwari, Bourke, & Cullen, 2010; 
Shirsath, Sonawane, & Gogate, 2012). Physical and chemical effects owing to 
ultrasound induce thinning/disruption of cell membranes leading to microbial 
inactivation. The effect of ultrasound is also dependent on the type of microor-
ganism. For example, studies have shown that Gram-positive bacteria are more 
resistant to ultrasound compared to Gram-negative bacteria, possibly because 
Gram-positive bacterial cells possess a thick and more robust cell wall due to 
cross-linking of peptidoglycan and teichoic acid (Monsen, Lövgren, Widerström, 
& Wallinder, 2009).

Fig. 6.2  Formation and collapse of cavitation
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Ultrasound has been demonstrated to enhance the growth of beneficial 
microorganisms and activity of enzymes, resulting in the production of biologi-
cally active macromolecules. The beneficial effects of sonication are mainly 
attributed to the formation of pores on microbial cell membranes, thereby pro-
viding a channel for transport of essential nutrients and removal of toxic sub-
stances across these membranes (Yang et al., 2008; Yeo & Liong, 2012, 2013). 
Microscopic images have shown that ultrasound induces pits or holes leading to 
a microbial cell injury due to sonoporation. Sonoporation can be defined as the 
formation of temporary holes in the cell membrane. It is thought to be a tempo-
rary phenomenon which could improve the permeability of the cell membrane 
(Lentacker, De Cock, Deckers, De Smedt, & Moonen, 2014). However an 
increase in ultrasonic power or exposure time can lead to inactivation or cell 
death due to leakage of cellular content as shown in Fig. 6.3. The effect of ultra-
sound on enzymatic activity is enzyme specific and the effect of ultrasound on 
various enzymes was reviewed by O’Donnell et al. (2010). Stimulation and/or 
retardation of enzymatic activity due to sonication is not well understood. 
However the influence of ultrasound on enzymes can be attributed to changes in 
protein confirmation, controlled denaturation or accelerated collision probabil-
ity of the enzyme and substrate (Mason, Paniwnyk, & Lorimer, 1996; Szabó & 
Csiszár, 2013; Wang et al., 2012).

6.3  �Application of Ultrasound in Fermentation

Application of both low and high frequency ultrasound to fermentation processes indus-
try has been widely investigated. High frequency ultrasound is typically used as a non-
destructive analytical technique for monitoring fermentation processes (Novoa-Díaz 
et al., 2014), whereas low frequency ultrasound has been employed to enhance fermen-
tation rates (Masuzawa, Kimura, & Ohdaira, 2003; Nguyen, Lee, & Zhou, 2012), 

Fig. 6.3  Effect of ultrasound on probiotics
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pasteurisation (Gracin et  al., 2015) and other specialised processing applications 
including wine maturation and ageing (Tao, García, & Sun, 2014), degassing or deaera-
tion of alcoholic beverages (Chemat & Khan, 2011; Matsuura, Hirotsune, Nunokawa, 
Satoh, & Honda, 1994). The main applications are discussed below.

6.3.1  �Application of Power Ultrasound

Numerous applications of power ultrasound in food processing have been 
reported. However applications in food fermentation are mainly for improving 
enzyme/microorganism performance, foam destruction, emulsification and 
improving end product quality and safety. Application of low frequency ultra-
sound for various fermentation applications is outlined in Table 6.1. The main 
applications of ultrasound in key sectors are discussed below. Application of low 
frequency (20–100  kHz) ultrasound alone or in combination with heat and/or 
pressure for improving the safety profile of milk has been reported to achieve the 
desired 5 log reduction of pathogenic microorganisms including Listeria innocua 
and Escherichia coli (Bermúdez-Aguirre, Corradini, Mawson, & Barbosa-
Cánovas, 2009; Lee, Zhou, Liang, Feng, & Martin, 2009). Low frequency ultra-
sound processing of milk is also reported to induce desired physico-chemical 
changes in macromolecules including enzyme modification, homogenisation, 
pasteurisation, reduction in yoghurt fermentation time (Wu, Hulbert, & Mount, 
2000) and improved rheological properties of yoghurt (Vercet, Oria, Marquina, 
Crelier, & Lopez-Buesa, 2002). Studies have shown that ultrasound processing of 
milk offers potential to achieve pasteurisation and homogenisation effects whilst 
reducing yoghurt production time (up to 40 %) with significant improvement in 
rheological properties (e.g. consistency and texture) of the final product 
(Dolatowski, Stadnik, & Stasiak, 2007). Sonication of milk prior to inoculation of 
starter culture increases water holding capacity and viscosity and decreases syn-
eresis, whereas sonication treatment after inoculation has been shown to have no 
beneficial effect on syneresis while reducing fermentation time by 30 min (Wu 
et al., 2000). Improved water holding capacity could be due to ultrasound induced 
homogenisation effect which causes a change in water holding capacity of the 
milk proteins and tends to reduce syneresis. In another study, Riener, Noci, 
Cronin, Morgan, and Lyng (2010) also observed a significant reduction in synere-
sis levels of gels prepared from thermosonicated milk compared to conventional 
counterparts. Mild manothermosonication, i.e. application of heat and ultrasound 
(117 μm amplitude, 20 kHz frequency) under moderate pressure (2 kg/cm2) treat-
ment of milk prior to yoghurt preparation was reported to have improved struc-
tural properties compared to conventionally processed yoghurt (Vercet et  al., 
2002). Improved structural properties could be attributed to ultrasound effects on 
the fat globule membrane which would modify the ability of fat globules to inter-
act among themselves and also with milk protein (casein) micelles. Reduction in 
fat globule size as a result of sonication cannot be considered as a factor alone for 
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improved textural properties because improved texture was not observed in 
yoghurt prepared from conventionally homogenised milk samples (Vercet et al., 
2002). In a similar study, Riener, Noci, Cronin, Morgan, and Lyng (2009) showed 
that yoghurt prepared from thermosonicated milk (24 kHz for 10 min) with vary-
ing levels of fat (0.1, 1.5 and 3.5 %) had higher viscosities and water holding 
capacities compared to those prepared from conventionally heat-treated milk 
(90 °C for 10 min). Yoghurt prepared from theromosonicated milk was shown to 
possess a honeycomb like network exhibiting large number of pores throughout 
the structure with small particle size (<1 μm) compared to conventional yoghurt 
which showed a dense structure. Thermosonication (20  kHz, 480 W/55  °C for 
8 min) treatment of reconstituted whey powder has been shown to increase the 
viable count of dairy starter culture at the end of fermentation time with improved 
organoleptic properties compared to thermally processed samples (Barukčić et al., 
2015). A reduction in fermentation time while increasing lactose hydrolysis and 
improving acidifying activity of probiotics has been demonstrated in numerous 
studies. Nguyen et al. (2009) and Nguyen et al. (2012) demonstrated the potential 
of low frequency ultrasound in the stimulation of probiotics (e.g. Bifidobacterium 
sp.) resulting in accelerated lactose hydrolysis and transgalactosylation of bifido-
bacteria in milk while reducing fermentation time by up to 30 min depending on 
probiotic strain. Nguyen et al. (2009) observed an initial decrease in probiotic cell 
count at the beginning of fermentation time compared to control with no signifi-
cant changes in the final counts at the end of fermentation. An increase in viability 
of probiotics by up to 0.49–0.57 log10 CFU/mL and 0.26–0.57 log10 CFU/mL has 
been reported for Lactobacillus sp. and Bifidobacterium sp. compared to the con-
trol in the case of fermented soy milk (Yeo & Liong, 2011). In another study, 
Barukčić et  al. (2015) investigated ultrasonic activation of monoculture 
(Lactobacillus acidophilus, La-5) and mixed culture (Streptococcus thermophilus 
and Lactobacillus delbrueckii subsp. Bulgaricus, YC-380). They observed that 
the ultrasonic activation of La-5 inoculum did not influence the viable cells count 
regardless of the applied conditions compared to the untreated inoculum. However, 
ultrasonic activation of YC-380 at 84 W for 150 s resulted in approximately 1 log 
cycle higher count compared to untreated inoculum (activated at 37 °C/30 min) 
with a decrease in fermentation time by up to 30 min. Probiotic cells treated with 
ultrasound have been shown to recover from injury and subsequent increase in 
number during fermentation depending on the microorganisms and ultrasound 
processing conditions. These results demonstrate that the effect of sonication is 
culture specific, depending on distinctive resistance of microorganisms towards 
ultrasound due to variations in cell wall thickness, composition and cell size. 
Application of ultrasound during fermentation has also been shown to improve 
β-galactosidase activity of probiotics resulting in the production of health promot-
ing oligosaccharides in fermented milk and improvement of isoflavones biocon-
version activities in soymilk. In some cases inoculation of injured probiotics 
(bifidobacteria and Lactobacillus) has been shown to result in improved viability 
and stability during fermentation of yoghurt (Shah & Lankaputhra, 1997). The 
effect of ultrasound on probiotics is not well understood.
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Application of low frequency ultrasound in the wine industry is employed for 
managing wine microbiology (Jiranek, Grbin, Yap, Barnes, & Bates, 2008; Luo 
et  al., 2012), extraction of volatile compounds from wine (Cabredo-Pinillos, 
Cedrón-Fernández, González-Briongos, Puente-Pascual, & Sáenz-Barrio, 2006), 
improving fermentation rates (Matsuura et al., 1994), wine ageing and maturation 
(Chang & Chen, 2002). Reduction in fermentation time at low ultrasonic intensi-
ties has been shown to accelerate the growth of S. cerevisiae (Lanchun et al., 2003) 
and Kluyveromyces marxianus (Sulaiman, Ajit, Yunus, & Chisti, 2011) depending 
on the ultrasonic processing parameters. A 50–64 % reduction in fermentation time 
has been reported for wine, beer and sake obtained from saccharified rice solution 
at ultrasonic intensity of 30 mW/cm2 operating at 43 kHz (Matsuura et al., 1994). 
Ultrasound has been shown to improve yeast performance without affecting cell 
viability via morphological changes in yeast cells. Jomdecha and Prateepasen 
(2011) observed a significant changes in the lag phase of yeast cells depending on 
ultrasonic intensities/energies and treatment time. They observed that the ultra-
sonic energies operating at a frequency of 20 kHz in a range of 330 and 360 W s/
m3 could decrease lag time by up to 1 h compared to control, whereas ultrasonic 
energy >850 W s/m3 could increase the lag time resulting in reduced growth. The 
potential of ultrasound to accelerate wine ageing and maturation thereby improv-
ing wine quality has been reported extensively (Martín & Sun, 2013; Tao, García, 
et al., 2014). Effect of ultrasound on wine ageing and maturation has shown vary-
ing degree of ageing effect depending on ultrasonic conditions and wine type. 
Chang and Chen (2002) investigated the effect of 20 kHz ultrasound on wine age-
ing prepared from rice and maize. They observed an enhanced ageing effect on rice 
wine due to sonication with sensorial attributes similar to that of conventionally 
aged wine while no effect on ageing of maize wine was reported. Ultrasound tech-
nology has been demonstrated to enhance the release of oak-related compounds 
from oak chips into wine during wine ageing with oak chips. A significant increase 
in total phenolic content in model wine was reported during ultrasound treatment 
for 150 min at 25 kHz depending on acoustic energy density and temperature (Tao, 
Zhang, et al., 2014). Ultrasound has also been demonstrated as an alternative tech-
nique to inactivate spoilage microorganisms associated with wine. Currently use of 
chemical preservatives (e.g. sulphur dioxide, dimethyl dicarbonate), thermal pas-
teurisation or removal of spoilage microorganisms by filtration are commonly 
employed techniques for improving the shelf-life of wine (Bartowsky, 2009; Du 
Toit & Pretorius, 2000). In a study, Luo et  al. (2012) investigated the effect of 
ultrasound (24 kHz) for 20 min on various types of yeast (Dekkera bruxellensis, 
Hanseniaspora uvarum, Pichia membranefaciens, Saccharomyces cerevisiae, 
Schizosaccharomyces pombe, Zygosaccharomyces bailii) and bacteria (Acetobacter 
aceti, Acetobacter pasteurianus, 	 , Oenococcus oeni, Pediococcus sp.) associ-
ated with wine. They observed that the viability of yeast was more affected com-
pared to the spoilage bacteria investigated. In another study, Gracin et al. (2016) 
employed continuous flow through high power sonication (400 W, 24 kHz, 100 μm 
amplitude) to reduce spoilage microorganisms. They observed a significant reduc-
tion in microbial counts of Brettanomyces (89.1–99.7 %) and lactic acid bacteria 
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(71.8–99.3 %) in wine. However, the ultrasound caused negative changes in wine 
sensorial properties with the formation of negative oxidative smell of burns or 
smoke and oxidised aroma.

6.3.2  �Application of High Frequency Ultrasound

High frequency ultrasound has been employed in many industrial processes for sev-
eral decades. Ultrasonics has been demonstrated as a potential tool for non-invasive, 
non-destructive, rapid and precise measurements of various parameters, for exam-
ple, volume measurement of agriculture products (Nishizu, Torikata, Yoshioka, & 
Ikeda, 2005), online measurement of concentrations in solutions (Masuzawa et al., 
2003), food composition, structure, flow rate, physical state and molecular proper-
ties (McClements & Gunasekaran, 1997). Studies have shown that acoustic based 
methods can be employed in measurement systems that are non-invasive, hygienic, 
precise, rapid, low cost and suitable for automation (Novoa-Díaz et  al., 2014; 
Stillhart & Kuentz, 2012). Table 6.1 lists examples of high frequency ultrasound 
employed for monitoring fermentation processes.

Traditionally, fermentation processes are monitored or controlled by withdraw-
ing samples at regular intervals for estimation of key fermentation parameters 
including microbial growth, pH, acidity, turbidity and chemical composition. 
Determination of fermentation process parameters by classical chemical analysis is 
time consuming and does not facilitate real time control. Application of high fre-
quency ultrasonic waves can provide useful information to characterise fermenta-
tion processes involving homogenous and/or multiphase systems, with no 
degradation or chemical alterations reported in fermentation media due to sonic 
waves (Henning & Rautenberg, 2006). The ultrasonic velocity of an ultrasonic wave 
travelling through a fermentation tank can be used to infer the concentration of 
alcohol and other sugars during the fermentation process (Resa et al., 2005). Studies 
have shown an empirical relationship between ultrasonic parameters and the con-
centration of alcohol and soluble solids in wine (Winder, Aulik, & Rice, 1970) and 
density of beer (Becker, Mitzscherling, & Delgado, 2001) during fermentation.

Several ultrasonic parameters including pulse-echo or transmission-through 
mode, power attenuation, measurement of velocity by time of flight, indirect predic-
tion of acoustic impedance via reflection coefficient have been employed for esti-
mation of fluid density and other parameters in various liquid, semi-liquid and 
multiphasic systems (Bamberger & Greenwood, 2004; Kuo, Sheng, & Ting, 2008). 
For example, Novoa-Díaz et al. (2014) reported that a change in ultrasonic velocity 
is strongly correlated to the concentration of malic acid and lactic acid during red 
wine fermentation due to the action of lactic acid bacteria. They observed an 
increase in ultrasonic velocity with an increase in lactic acid concentration and a 
decrease in velocity due to an increase in malic acid concentration. Krause, Hussein, 
Hussein, and Becker (2014) developed a multivariate regression method to predict 
maltose concentration in aqueous solutions at different temperatures by utilising the 
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time and frequency domain of ultrasonic signals. They reported that partial least 
square regression models are least influenced by bubbles and other suspended par-
ticles during fermentation.

Apart from measuring the concentration of chemical compounds during fermen-
tation process, high frequency ultrasound (>15 MHz) has been demonstrated to mea-
sure the concentration of yeast cells in liquid suspensions. A backscattering ultrasound 
based technique with an ultrasonic emitter/receiver wideband focused transducer 
centred at 75 MHz showed improved sensitivity to detect yeasts at a concentration as 
low as 104 cells/mL (Elvira, Vera, Cañadas, Shukla, & Montero, 2016). The pulse 
spectrum reaching the transducer after backscatter by a yeast cell depends on the size 
and nature of the cell, the attenuation of the medium and the sound wave.

Changes in ultrasonic velocity can also be attributed to changes in temperature, 
density and pressure. In the case of yoghurt fermentation, Ogasawara et  al. (2006) 
employed non-contact acoustic monitoring using a pair of acoustic transducers operat-
ing at a frequency of 3.7 MHz to determine the end point of a yoghurt production 
process. They correlated a phase difference between input and output signals measured 
by an oscilloscope to a phase change from liquid (milk) to gel (yoghurt) with an inflec-
tion point around 18 h indicating the end of the yoghurt fermentation process. In a 
dough fermentation study, Elmehdi et al. (2003) observed a relationship between ultra-
sonic wave parameters and dough fermentation characteristics. They observed a 
decrease in ultrasonic velocity and an increase in attenuation with fermentation time. 
They reported that a change in attenuation was correlated to the change in the dough 
void fraction during fermentation.

�6.4 Conclusions and Future Outlook

In food fermentation processes, ultrasound technology has been employed both as a 
processing tool and for monitoring, analysis and control of fermentation processes. 
Several potential applications of low and high frequency ultrasound have been 
reviewed and these applications clearly demonstrate the potential of ultrasound in 
the food fermentation applications. However, there are various technological con-
straints which have an impact on industrial adoption and commercial viability of 
ultrasonic systems. Ultrasound processing to achieve desired physical and chemical 
effects is an energy intensive process. Scale-up issues are also a challenge.

A high level of energy consumption can be justified if the cost–benefit analysis of 
ultrasound is demonstrated. Future research should be focused on the sustainability of 
ultrasound assisted processes and process configuration to improve safety, quality and 
shelf-life profile of fermented food products while minimising the associated energy 
consumption. Mechanisms of microbial/enzyme stimulation and/or inactivation have 
been a subject of scientific interest. However, the interaction between ultrasound and 
microorganisms is complex and is not well established. Understanding key underlying 
mechanisms of action will allow greater understanding of processes and thus can assist 
in process scale-up. Nevertheless, ultrasound has been widely demonstrated to be an 
excellent technology which can be employed to enhance fermentation processes.
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