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Abstract 

 

 Ultrasonic irradiation based mechanochemical strategies have recently been the 

subject of intensive investigation because of the advantages they offer. These include 

simplicity, energy savings and wide applicability. Traditional areas of sonoprocessing 

such as cleaning, efficient mixing and solid activation have been extended to both 

macromolecular and micro/nanostructures, some of which are biologically significant, 

ultrasound-responsive actuators and crystal design, among others. Unlike conventional 

mechanochemical protocols, which require little solvent usage if any at all, mechanical 

(and chemical) effects promoted by ultrasound are observed in a liquid medium. Tensile 

forces, which share similarities with solid mechanochemistry, are generated by virtue of 

nonlinear effects, notably cavitation, when high-amplitude waves propagate in a fluid. 

This work aims to provide insight into some recent developments in the multifaceted 

field of sono-mechanochemistry using various examples that illustrate the role of 

ultrasonic activation, which is capable of boosting hitherto sterile transformations and 

inventing new crafts in applied chemistry. After a preliminary discussion of acoustics, 

which hopes to provide a mechanistic background, we shall mainly focus on 

experimental developments, while we will often mention emerging science and 

occasionally delve into theoretical models and force simulations.  

 

Key words: cavitation, mechanical effects, mechanotransduction, self-assembly, 

streaming, ultrasound-responsive systems 

 

 

1. Introduction: Sound and Energy 

 

 Sound is essentially mechanical energy. This simple assumption, well known by 

physicists and acousticians in particular, is however overlooked (if not ignored) by other 

scientists [1,2]. A sound wave propagating in air or any other fluid is a compressional 

wave, which can be characterized by a series of properties like frequency, pitch and 

intensity. The latter is the average power transmission per unit area perpendicular to the 

direction of the wave. The unit is the bel (B), although a unit which is ten times smaller, 

the decibel (dB) is commonly employed. Conversational speech has an intensity of ca. 60 

dB at a distance of about 1 m from the mouth, while traffic in a noisy street can supply 

ca. 75-80 dB. The propagation of sound may be regarded as a form of transmission of 

energy through matter. Thus work is done (and hence energy is expanded) when a fluid is 

disturbed at a point. The reappearance of the disturbance (compression) at another point 

corresponds to energy transfer via wave propagation (sound possesses longitudinal 

nature). Following on from the preceding statements, average energy transfer rate per unit 

time per unit area of the wave front is also the intensity. In practice it is expressed as the 

average flow of power per unit area, whose unit is the watt per square centimetre 

(W/cm2). The lowest amount of sound energy humans can hear is about 10-20 J (or in 
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other words, a minimum audible intensity of ca. 10-16 W/cm2). The upper limit of sound 

intensity that can be generated is set by atmospheric pressure and such a wave would 

have an intensity of approximately 190 dB. The mathematical analysis shows that the 

intensity of a plane sound wave is given by: 

 

I = p2
emax / 2oV 

 

in which pmax is the maximum excess pressure in the wave, o is the average (equilibrium) 

density of the medium and V is the sound velocity. It is noteworthy that this expression is 

independent of frequency. For dry air at 20 ºC and standard atmospheric pressure, the 

equilibrium density (o) is only 0.001205 g/cm3 and V = 344 m/s. When such values are 

substituted into the above equation and then converted to W/cm2, an intensity (I) of about 

109 W/cm2 results, or 70 dB above the minimum audible intensity. Also, it should be 

noted from the above equation that the intensity for given excess pressure depends on the 

medium and in particular on the oV product. The latter is the specific acoustic resistance 

of the medium for a plane wave. For water under standard conditions, oV is ca. 3800 

times that for air. It takes an excess pressure ca. 60 times that for air to generate a 

comparable intensity. 

Nonlinear effects, however, limit the maximum pressure that can be obtained. 

Sound waves of large amplitudes will ultimately break into a shock with morphologies 

that deviate from a sinusoidal curve (vide infra). 

 

 The term sonochemistry indicates the use of sound waves to generate chemical 

and physical effects that can be harnessed in multiple applications (Figure 1). Although 

such effects can be obtained at a wide range of frequencies, the word “sonochemical” is 

invariably linked to ultrasound, i.e. sound we cannot hear (typically above 20 kHz). 

Natural phenomena are good sources of both ultrasonic (e.g. animal communication or 

navigation) and infrasonic waves (such as earthquakes and tidal motion). Ultrasonics is 

current of interest for lay people because of medical imaging, metal cleaning, industrial 

and dental drills and non-destructive material characterization. 
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Fig. 1. Roadmap for sonochemical research. 

 

 Although cavitational effects were first identified in the late 1890s and were 

subsequently modelled by Lord Raleigh, ultrasound was no more than a scientific 

curiosity until around 1910 [1,3]. Technical interest grew during WWI after the 

successful development of piezoelectric transducers in early forms of sonar to detect 

submarines. The field of ultrasonics can be divided into two large domains; low-energy 

waves and high-energy waves. In the first case, the amplitude (i.e. the height of the wave 

from its highest point to its lowest point) is low enough so that the wave is not 

appreciably distorted in passing through the medium, which remains largely unchanged 

except for a slight rise in temperature (due to variation in intensity, directly proportional 

to wave amplitude). For high-energy waves, however, physical and chemical effects 

occur as the medium undergoes changes caused by the generation of significant 

mechanical stress and/or intense local heating. The interaction between high-energy 

sinusoidal waves and a medium causes distortion and leads to important nonlinear effects 

which fall into the admittedly difficult field of physical acoustics. Such effects include 

shock-wave formation, acoustic streaming, cavitation and acoustic levitation. Both 

mechanical and chemical effects of interest and benefit to the molecular (or 

supramolecular) world arise from cavitation (Sect. 2). This quasi-adiabatic phenomenon 

entails the rapid nucleation, growth and implosion of microbubbles in a liquid that 

releases an enormous amount of kinetic energy which actually drives a chemical reaction 

to completion. This is different to a direct interaction between ultrasound and matter [4]. 

A more detailed description follows; pressure in a liquid will fall (below zero) sharply as 

an ultrasonic wave of sufficient intensity (i.e. acoustic pressure) exceeds the normal 

average pressure in a liquid. The liquid then ruptures and generates small cavities that 
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will become unstable and collapse quickly. In the end, the gas entrapped within the cavity 

will be highly compressed (hydrodynamic models point to several hundreds of 

atmospheres and temperatures as high as 5000 K). Such high pressures are relieved by 

the accompanying radiation of shock waves. As already mentioned, shock waves are a 

nonlinear effect which arise from explosions (e.g. cavitational collapse) or which are 

emitted from an object moving faster than sound. 

 

 Bubble collapse generates a disturbance that starts out with a sinusoidal curve, 

given by a linear equation, but soon develops into a sawtooth or triangular curve when 

excess pressure is plotted versus distance in the direction of wave propagation (Sect. 2). 

This wave will show discontinuities in pressure, density and flow velocity, which all 

become large changes over very small liquid intervals (about 10-4 cm). As a result, the 

discontinuities travel through the medium faster than the ambient acoustic velocity. 

Mechanical effects thus caused by shock waves, liquid jets and shear forces in the bulk 

medium and bubble vicinity will result in enhanced mass and energy transfer, particle 

size reduction, liquid emulsification and surface activation. Purely chemical effects, such 

as molecular sonolysis, which leads to discrete radicals or excited species, polymer 

rupture and changes in solvation and ligand-metal coordination, will mainly occur inside 

the bubbles (so long as reagents possess sufficient volatility) or at the bubble interface. 

Given the complex nature of acoustic cavitation, both mechanical and chemical effects 

are juxtaposed and may work cooperatively (Figure 2). Accordingly, a clear-cut 

dissection of mechanical effects is problematic, although they may be prevalent at 

suitable frequencies and intensities, as we shall see later. 

 

 
 

Fig. 2. Primary and secondary effects of acoustic cavitation. 
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 This chapter aims to describe the mechanical bias of cavitational effects and how 

they are related to conventional mechanochemistry and force-induced physical fields in 

general. This subject has been well documented over the last decade [5-9], and particular 

attention has been paid to scenarios such as mechanically responsive polymers [10-12], 

micro- and nano-structured materials [13-15], and sonocrystallization [16], which are all 

expected to have a major impact on the fabrication of novel and smart materials as well 

as the pharmaceutical industry. Although we shall briefly mention these past 

achievements, our goal is to focus on the aspects of sono-mechanochemistry that have 

been overlooked in recent thematic issues. We will emphasise soft matter, both synthetic 

and biological, as well as the less-well-known, yet hugely promising, applications of 

acoustic fields, like CO2 capture and acoustically-driven micro- and nano-motors. 

Mechanistic frameworks should be investigated in these cases, although, unfortunately, 

space limitations prevent in-depth analysis. Our readers are referred to recent and 

comprehensive works such as those by Boulatov and associates [17], and Ribas-

Arino/Marx [18]. They largely deal with attempts to understand chemical reactivity under 

mechanical loads in general and some models may certainly be extrapolated to 

ultrasound-induced forces. Much more futuristic areas, where a coupling of sound wave 

mechanical energy and nonlinear effects will certainly provide both a technological and 

societal impact, can be found in the creation of acoustic metamaterials and phononic 

crystals [19-22]. These issues however lie beyond the bounds of this article. 

 

 

2. Cavitation and Secondary Mechanical Effects 

 

 As mentioned in the introductory remarks, ultrasound waves transport both kinetic 

energy (particles of the medium oscillate and displace from their equilibrium position in 

the direction of propagation) and potential energy (fluid compression) as fluids can 

support negative pressure for short times. When a sufficiently large negative pressure is 

applied to the liquid (here it is the pressure on rarefaction) so that the distance between 

the molecules exceeds the critical molecular distance to hold the liquid intact, the latter 

will inevitably break down and microbubbles will form. The characteristic linearity of 

sinusoidal acoustic waves is no longer valid at high amplitudes and nonlinear phenomena 

cause sudden changes in pressure and fluid properties, such as the generation of shock 

waves. The rate of pressure change is determined by sound attenuation in the medium, 

which also depends on frequency. In water, the shock rise time (i.e. the time interval for 

the wave to vary from 10% to 90% of its peak value) may be much shorter than the wave 

period whilst for other materials, such as biological tissues, the pressure variations will be 

less pronounced. Figure 3 shows numerical predictions of waveform distortion produced 

by nonlinear propagation, at different sound attenuations, in water and homogeneous 

tissues. The waveforms are generated in the focal region at a range of 52 mm from a 

rectangular 3.0-MHz [23]. The waveforms lack symmetry and tend to have a shorter 

compression phase followed by a longer rarefaction phase. The overall effect is a 
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reduction in rarefaction pressure, with respect to linear propagation, leading to the 

generation of harmonics which may extend to many times the original frequency. 

 

 
Fig. 3. Model predictions of shock waves from a transducer (3.0 MHz) focused at 70 

mm, propagating in water and homogeneous tissues at different sound attenuation values. 

The average amplitude at the face of the transducer is 1.0 MPa. Reproduced with 

permission from ref. [23] Copyright 2006 Elsevier Ltd. 

 

 Enhanced sound attenuation can also lead to other secondary effects that include 

local heating and streaming. Both radiation pressure and streaming are prominent 

phenomena associated with the propagation of ultrasonic waves [23,24]. These subjects 

require a significant mathematical background, which may be tedious and/or mislead the 

readership of this article. It suffices to firstly introduce the concept of excess pressure and 

then recall previous statements. For a harmonic wave in a fluid, its displacement () can 

be replaced by the excess pressure (pe) generated by the wave, which is defined by the 

difference between the actual pressure (p) at any point and time and the normal pressure 

(po) in the initially undisturbed fluid. Thus, pe = p-po and that excess pressure gives 

spatio-temporal variations like  in the harmonic equation: 

 

 = A sin 2 (ft-x/) 

 

where A is the amplitude, f the frequency, t the elapsed time, x the distance from the 

origin and  the wavelength. For plane harmonic waves the excess pressure will vanish 

over time, although this premise only holds for low intensity sound. At higher intensity, 

excess pressure that does not become zero on average is also present, thereby making a 

net contribution to the static pressure prevailing in the fluid, which is known as the 
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radiation pressure. In a simplified form, radiation pressure can be roughly expressed as 

the ratio of the intensity of the sound (I) to its velocity (c), i.e.: 

 

Prad  I/c  

 

 Radiation pressure is a steady constant pressure for continuous wave signals. For 

acoustic pulses however, that pressure varies periodically at the pulsing frequency. 

Radiation pressure thus provides a mechanism for producing force at frequencies other 

than the normal ultrasonic frequencies and potentially in the audible zone. For small 

particles and non-absorbing interfaces, radiation pressure will have a direction and 

amplitude which depend on the elastic properties of the material in question. This extra 

force may also result in particle movement. 

 

 Likewise, acoustic streaming stems from high-amplitude waves travelling through 

a medium. In linear behaviour, particles are expected to vibrate about their equilibrium 

position; in other words, with no net flow. In stark contrast to this and as a result of 

ultrasonic waves' attenuation with distance, there will be a pressure gradient in the fluid 

that gives rise to a net flow. The magnitude and pattern of the flow depends on the wave 

properties as well as the type of fluid and reaction vessel. The flow usually moves axially 

away from the transducer with recirculation vortices that bring fluid back to the 

transducer face. Visualization of streaming in liquids can easily be accomplished using 

thymol blue indicator [23-25]. The maximum axial streaming velocity (vmax) for a 

focused beam of intensity I and radius r, can be approximately estimated as: 

 

vmax  Ir2G/co 

 

where  is the amplitude attenuation coefficient,  is the shear viscosity of the fluid and 

G a constant that depends on beam characteristics and vessel geometry. It is convenient 

to recall that sound attenuation involves the loss of wave amplitude due to different 

mechanisms such as absorption or scattering. Attenuation is measured in dB per unit 

length and also depends on the frequency of the incident beam. Accordingly, the 

attenuation coefficient () is usually given in dB/(kHz or MHz)·cm. 

 

 Globally considered, fluid streaming developed around a solid particle or surface 

greatly increases both mass and heat transfer. The sonoprocessing of fluidized beds is an 

important application with environmental connotations (Sect. 6), as the entrainment of 

fine particles in the sound wave improves fluidization in dense beds and alternatively 

induces particle agglomeration in diluted beds [26]. 

 

 The above-mentioned mechanical effects can be significantly enhanced if 

cavitation takes place in the ultrasonic field. A threshold intensity, which in turn depends 

upon frequency, must be reached for cavitation to occur, although the process is largely 
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influenced by external parameters, such as solvent properties, temperature or dissolved 

gases. Cavitation in liquids decreases as one moves to higher frequencies (e.g. the MHz 

region). This can easily be explained as the rarefaction (as well as compression) phase 

shortens. With shorter cycles, the finite time required for molecules to be pulled apart, 

thus generating a cavity, becomes too short. Accordingly, higher amplitudes (power) will 

be required to make liquids cavitate at high frequencies. The fact that most sonochemical 

applications are run between 20 and 100 kHz is not a coincidence [4,27]. 

 

 Sonochemists recognize two types of cavitation; stable and transient. The former 

means that bubbles oscillate around their equilibrium position, possibly over prolonged 

compression/rarefaction cycles. Stable cavitation simply emerges because the acoustic 

pressure serves as a force that drives the bubble and varies its radius. Experimental 

observations show that a pulsating bubble under stable cavitation grows progressively. 

This effect is associated with another phenomenon; rectified diffusion. During the 

compression phase, the gas inside the bubble is at a pressure higher than the equilibrium 

value and diffuses from the bubble. Conversely, the pressure within the cavity decreases 

during rarefaction, so that some gas diffuses into the bubble. Because of the larger area 

present during expansion than under compression, there is a net increase in gas content in 

the bubble over a cycle. Obviously, a bubble cannot grow indefinitely. During expansion, 

bubbles reach a critical size and then collapse violently because of the inertial forces of 

the spherically converging liquid [23,24]. This transient (or inertial) cavitation triggers 

well-established mechanical (shocks) and potential chemical effects (highly excited 

species formation or light emission = sonoluminescence). The disturbance caused by the 

presence of pulsating bubbles will also generate a small fluid flow, i.e. microstreaming. 

Since this flow varies with distance from the bubble, high shear stress near the bubble 

also occurs and this mechanical action alone is sufficient to cause cell and soft tissue 

deformations or damage.  

 

 This discussion of cavitation certainly overlooks specific details, but it highlights 

how the nonlinear propagation of ultrasound causes inhomogeneities and physical effects 

that may have consequences for molecules present in the medium. It is also worth 

mentioning that suitable cavitation nuclei may also be created at the expense of existing 

bubbles in a liquid or formed in crevices in suspended particles where very small 

amounts of gas can be trapped. An illustrative picture of this cascade process which 

involves several mechanisms that account for the mechanical action of ultrasonic waves 

is supplied in Figure 4 [28]. 
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Fig. 4. Schematic representation of nonlinear effects produced by bubble collapse. 

Reproduced with permission from ref. [28]. Copyright 2012 David Fernández Rivas, 

Enschede, The Netherlands. 

 

 

 It is hoped that enhanced mechanical action will take place in association with 

high intensities and frequencies. However, harmonic generation and sound attenuation 

provide secondary mechanisms capable of inducing effects within a wide range of 

frequencies. An assessment of mechanical effects as a function of nominal frequency is 

not immediately obvious. Mason and associates have monitored, using SEM (scanning 

electron microscopy) and XPS (x-ray photoelectron spectroscopy), the abrasive action of 

sound waves on a glass-filled polystyrene blend by measuring weight loss at different 

frequencies (20, 40, 582, 863, and 1142 kHz) [29]. At low frequencies (20-kHz probe or 

40-kHz bath), the high weight loss correlated well with significant surface changes which 

were purely caused by mechanical effects, such as micro-jetting. Less pronounced 

changes occurred at higher frequencies, although surface oxidation was ascribed to 

enhanced radical specie production. These conclusions, attained in aqueous solutions, 

agree with previous observations on dextran degradation. Here, mechanical action was 

important at 35 kHz, whereas extensive degradation took place at 500 kHz and higher 

frequencies due to radical reactions [30]. A recent study by Tran and coworkers furnished 

similar conclusions on the inverse dependence of mechanical and chemical effects on 

ultrasonic frequencies. Since power intensity (usually measured by calorimetry) 

decreases as frequency increases, these authors insisted on the use of constant power 

intensity. By measuring the degradation rates and viscosity ratios of poly(ethylene oxide) 

(in water and benzene) and polystyrene (in benzene only) under ultrasonic irradiation 

(from 20 kHz to 1 MHz), this group found a decrease in mechanical effects above 100 

kHz [31]. 

 

 

3. Assembly and Scission in Molecular and Supramolecular Arrangements 
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 That ultrasonic waves promote both molecular association and the extensive 

disruption of structural arrangements  may, at first sight, appear somewhat 

counterintuitive. Once again, such effects depend on the characteristics of the ultrasonic 

field. Numerical methods and simulations have been introduced to predict the active 

zones while bearing in mind that, by definition, a cavitating field is a heterogeneous 

system (liquid and bubbles) [32-34]. In general, reproducible results are attained as long 

as external factors and reactor shape are optimized, although some practitioners often 

ignore the critical issue of power control.   

 

 Since acoustic radiation lacks quantum character, mechanical oscillations can be 

harnessed at various frequency ranges, especially via large molecular structures which 

respond by triggering chemical and biochemical events. Surface acoustic waves (SAWs), 

for instance, which operate in the MHz zone have been used for the actuation of fluids, 

polymer patterning and the directional manipulation of particles on surfaces [35-37]. 

Atomistic explanations remain largely obscure in view of the frequency mismatch 

between SAWs and the vibrational states of the adsorbed species. The acoustic 

enhancement of surface diffusion has recently been suggested [38], which might also 

account for well-known cases of surface catalysis [39,40] and  molecular desorption 

[41,42]. The experimental observation of ultrasonically-induced birefringence is also 

relevant [43,44]. On the other hand, low-frequency mechanical vibrations have proven to 

be useful in lattice crystallization as they favour higher ordering and packing [45,46]. The 

process depends on vibrational amplitude and frequency and is also related to the 

appearance of convective flow. Flow configuration and velocity can be altered by 

changing the acoustic parameters. The particle aggregation mechanism is herein 

described in terms of stochastic resonance, which contrasts with the usual approach of 

maintaining equilibrium conditions during crystallization [47]. Similar analogies can be 

encountered, within the broad context of mechanochemistry, in granules climbing along a 

vibrating tube, where the force between the tube and the particles varies periodically thus 

causing a directional effect [48]. 

 

 

 

3.1. Organogel and Hydrogel Formation 

 

 If there is a paradigmatic case of ultrasound-assisted formation and the structural 

manipulation of soft matter, it would most likely be gelation. The process is hardly new 

and can historically be ascribed to early observations of pattern formation in liquids and 

solids induced by mechanical vibrations, although the field has experienced a further 

renaissance over the last two decades, thus launching molecular level investigations [49]. 

Low-molecular weight (LMW) molecules (usually with molar masses below 3000 and 

not involving polymeric chains) are capable of immobilizing significant amounts of 
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organic solvents or water, thereby serving as organogels or hydrogels, respectively. These 

substances self-assemble in a given solvent, via non-covalent interactions such as 

hydrogen bonding (which is probably the most prevalent intermolecular interaction), van 

der Waals interactions and - stacking, which all cooperatively drive the one-

dimensional growth of LMW molecules, leading to fibres and strands. These further 

assemble into three-dimensional networks that encapsulate the solvent and impede flow. 

This kind of supramolecular soft material which responds to sonication and stress may 

find numerous applications in biomedical research and the preparation of self-healing 

substances or mechanical switches [50,51].  

 

 It is fair to recognize that the 2005 paper by Naota and Koori triggered subsequent 

developments in this discipline. The paper reported rapid gelation upon the sonication of 

solutions containing a dinuclear Pd-salicylidene complex, which is stabilized by 

intramolecular -stacking interactions [52]. When solutions of complex anti-1 (Figure 5) 

were irradiated with ultrasound (40 kHz, 0.45 W/cm2) at room temperature, gelation took 

place within a few seconds. The resulting gels were thermoreversible and clear solutions 

were obtained via heating to temperatures above Tgel. Derivatives with longer 

hydrocarbon spacers (n = 6-8) failed to gelate, although precipitation was sometimes 

observed. The process also exhibited marked stereoselectivity as the syn isomer of 1 did 

not give gels under the same conditions. These complexes also show planar chirality and 

this feature was instrumental in elucidating the putative role of ultrasound. When 

enantiopure anti-1 was subjected to prolonged sonication, it remained unaffected in 

solution. By stark contrast, scalemic mixtures of anti-1 (42% ee) gave gelation, although 

the resulting gel showed no optical activity. In other words, gelation proceeds with 

racemisation. This points to a process involving the heterochiral association of (R)- and 

(S)-configured monomers that alters the cofacial bent structure of the parent isomer. 

Without sonication, the conformation is stable enough and avoids aggregation, but 

irradiation leads to interpenetrative and consecutive planar monomers stacking (Fig. 5). 

 

 
 

Fig. 5. Reversible sol-gel transformation of Pd-salicylidene complexes. Sonication 

favours gelation and induces a conformational change, from bent to interlocked 
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structures. Reproduced with permission from ref. [52]. Copyright 2005 American 

Chemical Society.  

 

 

 The advantages and versatility of this type of gelation, which allows the synthesis 

of complex structures to be carried out, is illustrated by the incorporation of quantum dots 

(QDs) into hydrogels [53]. Thus, hexane suspensions of a dipeptide derivative and 

CdSe/ZnS covered with trioctylphosphine oxide, as a surface ligand, undergo gelation in 

minutes under sonication. The resulting gels are luminescent under UV irradiation and 

can revert into the sol state upon heating and slow cooling (Figure 6). The procedure can 

be used for vapour sensing in the gel state, as shown for 2-mercaptoethanol (Fig. 6, 

bottom). The gel was prepared using QD598 and excess dipeptide in decane after 2 min of 

sonication. The QD-doped gel was then exposed to 2-mercaptoethanol vapours, as a 

function of time, under UV irradiation. The increase in photoluminescence can easily be 

detected over time as the gel becomes progressively more fluorescent as the QD reagent 

diffuses inside the organogel from the bottom to the top of the vial. 

 

 

 
 

Fig. 6. Top: Hexane solutions containing a dipeptide plus QD524 undergo gelation after 1-

min of irradiation, followed by heating and slow cooling. The procedure can be repeated 
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as the dipeptide precipitates at the bottom of the vial. Bottom: Use of ultrasound-

generated gels containing QD598 for vapour sensing (2-mercaptoethanol). Reproduced 

with permission from ref. [53]. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.  

 

 That sonication and shearing stress stimulates gelation, rather than structural 

disruption, is in principle challenging from a mechanistic point of view. Analysis is 

complicated because most experimental protocols do not always indicate intensity 

measurements. Nor do they report other parameters that affect the acoustic field. 

However, unlike gels controlled by chemical stimuli, mechanical force and moderate 

sonication do not generally modify (or destroy) the structure of a molecule in the gel 

network. The role of sonication appears to be twofold [50]. Firstly, ultrasound can 

transform intramolecular interactions into favourable intermolecular interactions that lead 

to aggregation. Secondly, sonication may induce conformational changes on the resulting 

organogel, i.e. after formation of the supramolecular network assembled by non-covalent 

interactions. This aspect is noticeable in the case of two-component organogels as 

irradiation often results in strengthening infinite hydrogen bonding and other 

intermolecular interactions that assist gel formation. The latter is well exemplified by 

melamine-uric acid hydrogels. Neither of the parent molecules is appreciably soluble in 

water, but gels formed at or above 0.8 wt% concentrations after sonication and shaking 

over short times (ca. 5 min) [54]. Likewise, sonication triggers morphological changes 

such as the formation of fibres from a polypeptide organogelator that exists as vesicles in 

solution. This morphological switch is reversible and repeatable and the fibre-vesicle 

transition occurs on incubating the gel at 60 ºC [55]. Similar morphological variations 

have been reported for a multifunctional adamantane-based gelator, for which 5-min 

irradiation affords partial gelation (in the form of vesicles), while prolonged sonication 

gives rise to a 3D-network. Again, the process is reversible over a wide concentration 

range via sonication and heating-cooling cycles. Gelation can also be fine-tuned by 

further host-guest interactions in the presence of -cyclodextrin under sonication, with 

structures evolving from nanoribbons to ordered nanothreads [56]. 

 

 A fibrillar structure appears to be the dominant and terminal motif in 

supramolecular gels generated by shear forces or sonication in liquids. This holds 

additional significance in biomimetic studies. For instance, silica nanofibers (30 nm 

average diameter and 100 m length) have been recently obtained via the sonication of 

an emulsion containing tetraethyl orthosilicate as the silica precursor [57]. The protocol is 

relatively inexpensive, conducted in a conventional ultrasonic bath and overcomes 

difficulties associated with other methods like electrospinning or heating. SEM images 

show that nanofibres grow on the tips of silica rods, with both co-existing in the same 

solution (Figure 7). Only silica rods would be obtained in the absence of sonication, thus 

showing that irradiation does effectively promote fibrillation. The authors largely 

attributed this improved preparation to fluid motion created by ultrasound (i.e. 

microstreaming). Apparently, silica rods act as a micromotor and the torque produced by 
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sound waves results in rod rotational motion, thereby spinning off nanofibres at the rod 

tips. 

 

 
Fig. 7. Scanning electron microscopy (SEM) images of silica nanofibres (i-iii zoom in 

and iv-vi zoom out images) and a visualization of nanofibre growth on rod tips. 

Reproduced with permission from ref. [57]. Copyright 2014 The Royal Society of 

Chemistry. 

 

The influence of ultrasonic force on aggregation morphologies can be obtained 

from crystallization experiments, especially en route to fluorescent materials with 

enhanced emission [58,59]. The striking conclusion reached is that luminescent 

properties are tuneable and can be controlled by molecular packing, which is greatly 

affected by the ultrasonic treatment and sensitive to its power. At low-energy ultrasonic 

power, a polar molecule, namely 4-[bis(4-aminophenyl)amino]-N,N-diphenylbenzamide 

(ITPADA), containing imide and amino groups, with spherical structure undergoes self-

assembly via intermolecular hydrogen bonding that is stronger along x and y axes than 

along the z axis. When the ultrasonic power increases, the layer-by-layer structure would 

be peeled off (see next subsection). As a result, the initially generated four-side prismatic 

structure becomes thinner and thinner, as power increases, and converts into a rhombic 

nanosheet array (Figure 8). Theoretical conclusions corroborate this finding as ITPADA 

molecules in single crystals lack coplanarity, due to intermolecular interactions, and their 

band gaps were accordingly higher (> 4 eV) than those of free molecules (3.7 eV), thus 

accounting for blue-shifted fluorescence wavelengths [59]. 
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Fig. 8. Top: Influence of US  power (40 kHz) on the morphology and fluorescence color 

of ITPADA suspensions in THF-H2O mixtures (90% water content): (a) non-ultrasonic; 

(b) 80 W; (c) 120 W; (d) 160 W; (e) 200 W. Bottom: Crystal packing of ITPADA single 

crystals: (a)  basic unit of single crystals; (b)  interactions along the x-axis; (c) 

interactions along the y-axis; (d) interactions along the z-axis. Reproduced with 

permission from ref. [59]. Copyright 2014 The Royal Society of Chemistry. 

 

 

3.2. Exfoliation of Layered Materials 

 

 With the advent and fast development of graphene as the flagship material for 

futuristic technology, including interfaces with biology [60], the search for economic and 

large-scale syntheses of few-layer (ideally monolayer) graphene and other carbonaceous 

structures has become a front-line objective. Exfoliation is clearly a compulsory step and 

this goal can be achieved by numerous physical and chemical methods that can be 

extended to layered structures other than graphite, such as BN, MoS2, MoO3 and clays 
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[61]. Ultrasonic exfoliation is routinely performed in numerous solvents and then applied 

to a variety of chemical modifications [62], although the characterization of the ultrasonic 

field (power in particular) is not explicitly mentioned in most cases. As expected, bubble 

collapse generates mechanical force which is able to disrupt the weak intermolecular 

interactions present in layered materials (e.g. stacked graphene monolayers in the case of 

graphite).The liquid-phase exfoliation of graphene has recently been accomplished by 

means of a high-shear mixer, as long as the local shear rate exceeds 104 s-1 [63]. In this 

context, parallelisms with ultrasound-induced shear forces should be scrutinized in terms 

of acoustic power [64], as exfoliation and dispersion depend on inertial cavitation and not 

on the stable stages [65]. Short ultrasound times at lower power generally produce high-

quality graphene layers with defects that are mainly located at layer edges. Prolonged 

irradiation is however detrimental and causes bulk defects, as shown by Raman 

spectroscopy in a recent study conducted in N-methyl-2-pyrrolidone (NMP), a typical 

solvent for graphene exfoliation. Such defects are essentially topological, while 

vacancies, atomic substitutions and sp3-like defects should be ruled out [66]. 

 

 Together with sonication, microwave (MW) irradiation enables the exfoliation of 

graphene precursors leading to graphene itself [67] and other forms of porous carbon 

[68]. Some effort has also been expended on the combined use of MW and ultrasound, 

either combined or separately, for the purification and surface functionalization of 

layered materials such as carbon nanotubes. In a study aimed at evaluating both 

mechanochemical and frequency effects in the oxidation of multi-walled carbon 

nanotubes (MWCNTs), some conclusions were inferred from TEM (transmission 

electron microscopy) and Raman spectroscopy data [69]: a) MW irradiation causes 

rupture, because of fast heating and metal content, and the surface becomes highly 

oxidized (with OH and COOH groups); b) the combined use of MW and US leads to 

surface oxidation along with structural defects, although this protocol efficiently removes 

the amorphous external layer; c) sonication (20 kHz) accelerates surface oxidation and 

damage, although partial exfoliation was observed (graphene sheets are noticeable), and 

d) at high frequency (300 kHz), ultrasound promotes oxidation, but the tubular 

arrangement of CNTs is preserved (Figure 9).  

 

 Emerging hyphenated techniques, such as the use of MW and ultrasound beams, 

offer substantial rewards.  The sequential approach mentioned above provides inherent 

advantages as sonication enables rapid exfoliation, while the chemical derivatization of 

graphene sheets is largely improved under MW irradiation. This strategy can be 

exemplified in the synthesis of graphite halides (Figure 10) [70]. The first step 

(halogenation reaction), involving the intercalation of the halogen between the graphite 

layers, is accelerated by microwaves so that the modified material can then be easily 

exfoliated into monolayer graphene in organic solvents under mild sonication. 

Alternatively, stable suspensions of few-layer graphene have been obtained via the 
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sonication of graphite flakes in benzylamine which were then subjected to 

cyclopropanation under MW irradiation [71]. 

 

 

 
Fig. 9. TEM images and D/G Raman bands for (a) pristine MWCNT, (b) after MW 

irradiation (2.45 GHz), (c) after sequential MW-US (20 kHz) irradiation, (d) sonication at 

20 kHz, and (e) sonication at 300 kHz. Reproduced with permission from ref. [69]. 

Copyright 2011 The Royal Society of Chemistry. 
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Fig. 10. (a) Scheme showing sequential MW-assisted graphite halogenation followed by 

ultrasound-promoted exfoliation. Photographs of graphite chloride (b), a graphite 

chloride dispersion in DMF (c), and graphite bromide dispersion in DMF (d). 

Reproduced with permission from ref. [70]. Copyright 2012 Macmillan Publishers Ltd. 
 

 If all-carbon graphene has so far attracted enormous attention in mass media, the 

fact that polymerized organic crystals can also be exfoliated to create two-dimensional 

sheets should likewise open a new age of innovation in materials design. The subject is in 

its infancy, but two recent papers in Nature Chemistry will pave the way for these 

exciting 2D-polymers [72,73]. Both studies exploit the photopolymerization of single 

crystals, in particular anthracene-based monomers, where photochemical dimerization is 

facilitated by aromatic unit stacking. The resulting 2D-photopolymerized crystals can be 

exfoliated into sheets by dispersion in NMP at 50 ºC. Analyses by SEM and AFM 

(atomic force microscopy) reveal that multilayer materials were isolated in most cases, 

however a few monolayer sheets were also detected (Figure 11). As expected, 

sonication's role in exfoliation proved decisive, although the protocols are far from 

optimized. Short irradiation of NMP dispersions led to multilayer sheets, whereas full 

exfoliation to monolayers was only achieved by lengthy operations (1-2 weeks) that 

involved slow rotation in round-bottomed flasks or the use of a fluorinated acid as the 

intercalating agent. It should be noted that the exfoliation of covalent organic frameworks 

(COFs) and molecular organic frameworks (MOFs) is not new. However, the resulting 

sheets were not robust enough. In the present cases, the exploitation of covalent bonding 

in 2D-structures means that the sheets were able to support their own weight when 

aggregates were suspended across m-scale holes. These properties make these structures 

suitable for use in optoelectronics or artificial membranes. 
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Fig. 11. (a) Chemical structure of a tetrafluoro-triptycene-based monomer (fantrip) and 

the corresponding 2D-polymer, poly(fantrip). (b) A single crystal of the monomer before 

and after irradiation (223 K, 460 nm, 80 min). (c) A single crystal of the monomer before 

and after irradiation (223 K, 460 nm, 150 min) followed by a second irradiation (223 K, 

400 nm, 70 min). The bottom panel shows SEM and AFM images of exfoliated sheets. 

Reproduced with permission from ref. [72]. Copyright 2014 Macmillan Publishers Ltd. 

 

 

3.3. Modification of Polymeric Structures 

 

 The generation and properties of mechanically responsive polymers has most 

certainly become a hot topic in macromolecular science. Mechanical energy can be 

harnessed in multiple chemical transformations, such as mechanochromism, analyte 

detection and self-healing. The basic strategy relies upon the concept of the 

mechanophore; small structural units embedded into long chain polymers which undergo 

site-selective scission [6-8,12]. Although numerous solid-state and solution methods can 

be used to activate polymers [11], sonication holds the unique ability of providing shear 

forces and strain in solution by virtue of the mechanical events associated with 

cavitational collapse. A seminal study in the early 1980s reported the fast degradation of 

weak peroxide linkages along a polymer backbone under sonication (relative to control 

polymers) [74]. This was followed by more precise explorations by Moore and coworkers 

showing how azo or benzocyclobutene mechanophores, approximately installed in the 
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centre of a polymer chain and subjected to ultrasonic irradiation, underwent site-specific 

cleavage [75,76]. The latter was particularly appealing to modern literature, not only 

because it showed the accelerating effect of ultrasound-induced force, but also because it 

showed reaction pathways that challenge the current Woodward-Hoffmann rules based 

interpretation. Thus, both cis- and trans-functionalized benzocyclobutenes undergo ring 

opening leading to the E,E-configured diene, a result that was further corroborated by 

derivatization with an appropriate chromophore (Figure 12).  This finding is unexpected 

from a thermal activation point of view (only the trans isomer should afford the E,E-

diene while the cis isomer is expected to give the E,Z-diene). Alternatively, a 

photochemical mechanism would give rise the reverse result (cis and trans isomers 

leading to E,E and E,Z-dienes, respectively). 

 

 

 
 

Fig. 12. Ultrasound-induced ring-opening transformations of benzocyclobutene 

mechanophores installed in polymer chains. 

 

 This “nonclassical” electrocyclic ring-opening reaction, along with other striking 

results that are markedly different from what is expected from thermochemical pathways, 

clearly require an extension of theoretical models to mechanical forces and distortion-

induced instabilities [18,77,78]. This will not be discussed herein, although a few, merely 

qualitative, conclusions should be mentioned: a) mechanical scission caused by strain 

after bubble collapse is most likely responsible for polymer cleavage; b) radical 
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production has a negligible effect; c) thermally forbidden mechanisms may become 

mechanically allowed pathways within a certain range of forces. 

 

 If one assumes that, at least intuitively, sonication offers efficient mixing in liquids 

where forces are generated by turbulent regimes and elongational flows, this framework 

may be invoked in tracking mechanophore evolution [10]. There are actually some 

similarities between ultrasonic and transient elongational flow degradation of polymers, 

such as the propensity for midchain cleavage and molecular weight dependence. There 

should be some resemblance between the adiabatic compression triggered by bubble 

generation as ultrasound propagates and transient elongational flow, which is obtained by 

forcing a liquid across a constriction. As a result, a high velocity gradient is created. 

However, some divergences exist between the hydrodynamic types and these have been 

discussed in detail by Nguyen et al. as they evaluate the kinetics of ultrasonic degradation 

for dilute solutions of polystyrene in decalin [79]. Firstly, the cavity is filled with a gas 

that undergoes constant compression and expansion cycles, and secondly acoustic 

pressure varies along the bulk medium as a function of time. Accordingly, the strain rate 

changes at various time intervals during bubble collapse. As viewed in Figure 13, the 

temporal evolution of strain rates depends on the radius of the collapsing bubble. The 

latter is created above an intensity threshold and will become unstable enough after 

reaching a critical diameter. 
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Fig. 13. Strain rate distribution during bubble collapse versus various implosion times. 

The distance from the cavity centre (r) is given in m and full collapse occurs at t = 0. 

Reproduced with permission from ref. [79]. Copyright 1997 Elsevier Science Ltd. 

 

  

 

Unlike transient elongational flow, the flow induced by sonication at the collapse 

stage is time dependent. This means that the important factor in kinetics modelling is not 

spatial distribution, but temporal variation in the fluid strain rate [79]. In an ultrasonic 

experiment, both the limiting molecular weight (Mlim, i.e. the molecular weight below 

which no chain scission takes place regardless of the degradation time) and the 

degradation rate are dictated by an effective strain rate (ėeff), which prevails during 

bubble collapse. By extrapolating the kinetics results obtained in transient elongational 

flow to ultrasonic degradation, and bearing in mind the Mlim values determined in 

sonication experiments, Nguyen and coworkers concluded that ėeff should be ≥3 x 106 s-1 

(Figure 14). The curve suggests that a polymer chain near the cavitating bubble 

undergoes a range of strain rates and therefore multiple fragmentations may occur if the 

daughter chains are larger than Mlim. Similar behaviour can be inferred from transient 

elongational flow experiments, as midchain scission is the dominant process at low strain 

rates. At higher strain rates, however, shorter molecular chains appear in solution and the 

resulting molecular weight distribution of the degraded polymer will be close to the 

distributions obtained by cavitational flow [79]. 
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Fig. 14. Temporal evolution of the bubble radius (left axis, in m) and strain rate 

maximum (right axis, in s-1) during bubble implosion. Reproduced with permission from 

ref. [79]. Copyright 1997 Elsevier Science Ltd. 

 

As stated previously, the advancements in controlled polymer scission via sono-

mechanochemistry are remarkable with new exploration occurring at great pace. 

Whatever the actual mechanism may be, recent synthetic schemes focus on new 

functional groups and applications. Thus, a dioxetane mechanophore inserted into a 

polymer chain represents another weak linkage that can be selectively cleaved under 

sonication [80]. Blue luminescence, whose intensity and colour was modified by the 

presence of energy-transfer acceptors, was observed from the resulting excited ketone 

species (Figure 15). This protocol also constitutes a valuable step towards detecting 

failures or structural defects in polymeric materials. Moore and associates have also 

introduced a biomimetic-like material with reversible responses in the form of a 

metastable poly(ortho-phthalaldehyde) that undergoes ultrasound-induced mechanical 

depolymerization to its components via a heterolytic mechanism. Repolymerization can 

subsequently be achieved by a chemical initiator [81]. It is worth pointing out that 

repeatable force-induced cycles which incorporate flex-activated mechanophores (serving 

as crosslinkers) into elastomeric networks have recently been demonstrated. Activation 

takes place by applying compressive stress, thus releasing a small molecule that diffuses 

out of the polymer matrix [82,83].  
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Fig. 15. Top: Sono-scission of a polymer chain which includes a 1,2-dioxetane 

mechanophore to form an adamantanone-excited species with blue light emission. 

Bottom: Luminescence spectra obtained during the mechanical stretching of polymers 

containing organic acceptors show different colours and intensities. Reproduced with 

permission from ref. [80]. Copyright 2012 Macmillan Publishers Ltd. 
 

 A new productive chemical change was also observed when mechanical stress 

caused by ultrasonic irradiation was applied to triple bonds centred on a poly(methyl 

acrylate) backbone [84]. Further reaction with azides gives rise to an isoquinoline 

derivative, which points to transoidal bending activation that deviates from the expected 

product (1,2,3-triazole) observed for Huisgen-type cycloadditions of azides with cisoidal 

triple bond arrangements in strained alkynes. Once again, this result is outstanding and 

illustrates how mechanochemistry can do things which are otherwise difficult or 

impossible under conventional conditions. Nevertheless, site-selective polymer scission 

under mechanical stress should neither be a universal trend nor a chemical panacea. A 

retro-click reaction that has caused enormous excitement in the chemical community, 

given the wide applicability of the bio-orthogonal alkyne-azide ligation, might not be 

genuine; an editorial expression of concern has been published and the subject is under 

confidential investigation [85]. Nevertheless, as rightly pointed out by experts in the 

field, these circumstances will have consequences for specific transformations and do not 

weaken the principle message conveyed by polymer mechanochemistry which has been 

based on numerous and testable examples [86]. Thus, a recent application to surface 

functionalization should be mentioned in the present context. Silica nanoparticles (SiO2-
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NPs) grafted with a polymer chain containing a maleimide-anthracene cycloadduct were 

also subjected to ultrasonication and afforded mechanophore scission via a retro-[4+2] 

cycloaddition. The mechanophore-anchored polymer-grafted SiO2-NPs were prepared by 

standard protocols (immobilization of triethoxysilane-terminated monomer initiator to 

silica particles followed by surface-based living radical polymerization). As expected, 

sonication was able to generate elongational flow after bubble collapse, thereby 

transducing mechanical force into the polymer chains. The weakest point should be the 

polymer-SiO2-NP heterointerface, which underwent preferential cleavage. Polymer 

chains of various molecular weights linked to SiO2-NPs were also tested. Results 

evidenced a linear response to polymer chain sizes plus a threshold molecular weight 

dependence similar to that of homopolymers. Moreover, mechanophore scission altered 

the morphology of the grafted SiO2-NPs, which exhibited irregular patterns, unlike 

hexagonal arrangements before sonication [87].  

 

 Mechanochemical transduction aided by sonication can also be achieved at a 

supramolecular level. Given the dynamic character (self-assembly and disassembly) of 

non-covalent interactions, reversible transformations to create new responsive polymers 

may potentially be accomplished. As shown in Figure 16, a cross-linked network 

containing a europium(III) salt undergoes metal-ligand dissociation upon exposure to 

pulsed ultrasound in solution. This disassembly is only possible with a high-molecular 

weight supramolecular entity, thus again showing the same size dependence as reported 

for covalent polymer mechanophores. The strength of the metal-ligand interaction is also 

critical, as polymers that contain more strongly coordinating ligands do not dissociate 

under irradiation [88]. Interestingly, the authors searched for mechanically healable 

responses and, to this end, polymer films were cut into pieces, gently pressed and 

exposed to ultrasound, while either directly immersed in a CH3CN solution or in a sealed 

bag. In both cases, piece welding was observed and the original mechanical properties of 

the material were fully restored by this ultrasonic mending protocol. 
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Fig. 16. Mechanochemical evolution of metallosupramolecular polymers generated by (a) 

combination of a Eu(III) salt and a telechelic poly(ethylene-co-butylene) with 2,6-bis(1'-

methylbenzimidazolyl)pyridine ligands at the termini; counterions are omitted for clarity. 

(b) Reversible dissociation upon ultrasonication (i); irreversible metal exchange with 

Fe(II) ions as a result of (ii) ultrasonication or (iii) other mechanical forces. (c) 

Dipicolinic acid ligands bind strongly to Eu(III) and the supramolecular network cannot 

easily be disassembled under mechanical stress. Reproduced with permission from ref. 

[88]. Copyright 2014 American Chemical Society. 

 

 

Aida and coworkers have investigated the influence of low-frequency, audible 

range sound on macromolecular alignment. The group synthesized a zinc porphyrin that 

undergoes self-assembly via coordination and hydrogen bonding interactions. The 

resulting supramolecular nanofibre preferentially aligns itself parallel to the propagation 

of audible sound (Figure 17), a fact that can be visualized by linear dichroism (LD) 

spectroscopy [89]. Observations point to an alignment of the nanofibres flowing around 

the sidewall of the cuvette and them becoming parallelly oriented to the direction of 

liquid vibration. Since a large hydrodynamic gradient (i.e. velocity gradient) should occur 

at the boundary layer of the liquid flowing near the wall surface, a large LD intensity 

could also be recorded at the sidewall. The phenomenon appears to be quite general for 

linear nanofibres, while dendritic zinc porphyrins exhibit a similar effect at higher 

concentrations. On the other hand, no acoustic LD responses were detected for rod-
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shaped structures. The protocol may find potential applications in vibration sensing 

technologies.  

 

 
Fig. 17. Top: self-assembled zinc porphyrin leading to supramolecular nanofibres. 

Bottom: the designed nanofibres can be acoustically aligned in solution with audible 

sound emitted from a loudspeaker located 20 mm above the cuvette. Linearly polarized 

light was used to record LD spectroscopy. Reproduced with permission from ref. [89]. 

Copyright 2010 Macmillan Publishers Ltd.  

 

 

 In line with the preceding example, hydrodynamic orientation has also been 

detected in molecules that are firstly subjected to light and then exposed to audible sound 

capable of eliciting macromolecular changes. Thus, a linear molecule containing a central 

azobenzene moiety and three long alkyl chains at each end self-aggregates into 

supramolecular nanofibres when the azo group is trans-configured. Photochemical 

irradiation (UV light) causes its isomerisation into the cis-azobenzene derivative, which 

leads to amorphous aggregates (Figure 18) [90]. Notably, the assembly process was 

highly dependent on the length of the alkyl chains and only a 12-carbon chain gave rise to 

aggregation from the trans-isomer. 6-, 12- and 16-carbon chains aggregated in an 

amorphous fashion in the cis-isomer. LD spectroscopy showed no preferential orientation 

in solution. However, when samples were irradiated with audible sound, the nanofibres 
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were found to align with each other, whereas no change was detected in the amorphous 

cis-aggregates. 

 

 
Fig. 18. (a) Chemical structures of trans- and cis-azobenzene derivatives which undergo 

reversible photoisomerization. (b) Putative self-assemblies; only nanofibres generated 

from the trans-isomer aligned in a sound-induced fluid flow. Reproduced with 

permission from ref. [90]. Copyright 2014 The Royal Society of Chemistry.  

 

 

4. Mechanical Action on Biostructures 

 

 The effects of sound waves on biological tissues and structures have long been 

known. In general, prolonged sonication will be detrimental, lead to extensive cellular 

damage and chemical biomolecule modification via cavitation processes. Ultrasonic 

biophysics deals with the study of mechanisms which account for the interaction of 

ultrasound and biological materials [91]. This damage can however be harnessed for 

specific therapeutic applications [92,93]. Furthermore, the changes experienced by sound 
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waves in biological media can also be viewed as the basis for diagnostic ultrasound and 

biomedical imaging [94,95]. In particular, drug delivery may be greatly enhanced under 

sonication. Shock waves induce mechanical forces that transiently open polymeric 

micelles and polymersomes, thus releasing their contents. This mechanism is well 

accepted (vide infra), although the effects of ultrasound on cell apoptosis or genotoxicity 

must still be elucidated [96]. Likewise, copolymer micelles which are a suitable, FDA-

approved vehicle for drug delivery can be functionalized to respond to multiple stimuli. 

For instance, the incorporation into the micelle of a mechanophore that can be selectively 

cleaved under ultrasound plus the inclusion of a disulfide bond which is sensitive to the 

reducing action of glutathione illustrates this aspect [97]. 

 

 It is generally considered that ultrasound waves change the permeability properties 

of liposome membranes due to transient cavitation, where the collapse of air bubbles near 

the lipid membrane creates pores that alter the orientation and hydrophobicity of the lipid 

structure [98]. Drug delivery via acoustically sensitive liposomes is also largely 

influenced by the content and structure of the lipid systems. Drug transport can be 

facilitated by means of lipid molecules, within the liposome membrane, which are 

capable of creating local instabilities. While such instabilities do not disturb membrane 

integrity before sonication, they respond once the acoustic stimulus is applied and then 

heal when the irradiation is turned off [99]. Thus, at appropriate 

phosphatidylethanolamine (PE) phospholipid levels, the membrane displays a typically 

lamellar structure with zero intrinsic curvature (H = 0) that undergoes topological 

changes after exposure to ultrasound and converts into a non-lamellar structure, with 

negative intrinsic curvature (H < 0), forming pores through which the drug can readily be 

released (Figure 19). 
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Fig. 19. Left: schematic representation of the proposed mechanism for topological 

changes in dioleoyl phosphoethanolamine (DOPE) based liposomal membranes upon 

ultrasound irradiation. Right: (A) a giant DOPE-based unilamellar vesicle, before 

sonication, which shows an inhomogeneous membrane; DOPE-rich domains of negative 

curvature are marked in red, embedded in zones rich in dioleoyl phosphocholine (DOPC) 

of zero mean curvature. (B): Illustration of shape changes upon ultrasound stimuli. 

Reproduced with permission from ref. [99]. Copyright 2014 The Royal Society of 

Chemistry.  

 

 A recent simulation using molecular dynamics has evaluated the creation of pores 

in lipid bilayer membranes by inducing shock waves in a system containing an array of 

nanobubbles next to those membranes [100]. This model shows that the extent of damage 

depends on the orientation of the bubbles relative to the shock wave direction as well as 

the distance between the bubbles. The argument may, in principle, be extrapolated to the 

context of cavitation-induced microbubbles. However, the authors used a simplified 

bubble system that did not contain any water vapour molecules, but did include specific 

bubble alignment to the membrane. Simulations thus point to temporary lipid bilayer 

disruption under such conditions. This disruption would then be recovered after the 

damage, which contrasts with the permanent alteration that cavitation creates in solid 

surfaces. 

 

 An indirect and clever method for inducing drug release is the inclusion, inside the 

liposomes, of magnetic nanoparticles which can be activated by a pulsating magnetic 

field that triggers the generation of ultrasonic vibrations (30 kHz). Proof of concept lies 

in the release of molecules, such as MgSO4 and 5(6)-carboxyfluorescein, being 

accomplished from magneto liposomes loaded with Fe3O4 or FePt nanoparticles, both in 

homogeneous and inhomogeneous magnetic fields [101]. 

 

More productive chemical results, which still harness the destructive action of 

ultrasound on certain bonds, can be attained when sonication is applied to biological 

fluids (e.g. protein solutions) en route to bionanomaterials [15]. A conspicuous example 

can be found in sonochemically-prepared protein microspheres, in which the interplay of 

mechanical effects (emulsification) and chemical effects (formation of transient species) 

is noticeable. A protein emulsion is readily created at the interface between two 

immiscible liquid phases, while radicals generated by water sonolysis promote disulfide 

bond cross-linking between cysteine residues. Surface modifications, via conjugation 

with monoclonal antibodies or RGD-containing peptides, can also be carried out 

[102,103]. The sonochemical preparation of chitosan microspheres also exploits the 

intermolecular cross-linking of imine bonds from the sugar precursor [104]. 

 

Cell disruption under the action of sound waves appears to be of particular benefit 

in the case of biofilm elimination. A bacterial biofilm is a microbial community attached 



32 

 

to a substrate or interface and which is also embedded in a matrix of polymeric 

substances generated by such bacteria. Biofilms are a major problem in prostheses as 

opportunistic pathogens (e.g. Escherichia coli, Staphylococcus aureus or Staphylococcus 

epidermidis) develop rapidly after surgery. Ultrasound has been frequently used as an 

effective tool for biofilm removal. Surprisingly, literature also describes an antagonistic 

effect, i.e. bacterial viability may be enhanced under sonication. The subject has been 

recently reviewed and it was found that both effects depend on factors such as frequency, 

intensity, materials used for ultrasound diffusion, the presence or absence of cavitation, 

as well as the type of bacteria [105]. The combined use of therapeutic ultrasound with 

antibiotics usually decreases bacterial viability in vitro and in vivo [106]. On the other 

hand, sonication at high frequency is unable to kill bacteria, though some damage to the 

surrounding tissue is produced [107].  

 

Cavitational effects on cells and bacteria can be assessed by culturing a specific 

strain into a container that is then exposed to cavitation generated by ultrasound, shock 

waves or a laser. The so-called Harvey chamber was a pioneering model with which to 

evaluate the biophysical effect of ultrasound. Here, the pressure values from the impact 

of a liquid jet produced during bubble collapse and the accompanying shock wave, are 

compared against the maximum stress the cell surface can withstand before rupture [108]. 

Damage to microbial cells and degradation of their polymer chains also reflect the shear 

stress triggered around oscillating or collapsing microbubbles. Thus, the rate of 

intercellular protein release from yeast cells has been used to quantify the mechanical 

effects of ultrasound. Yeast cells are relatively rigid and fragmentation only occurs in the 

vicinity of cavitation bubbles, while microstreaming is largely inefficient in fragmenting 

[109]. Figure 20 shows a merely qualitative relationship between forces in the ultrasonic 

field and the strength of different classes of biological cells. The frequency effect of 

cavitation is indicated by the amount of protein released at 20 kHz and 130 kHz. The 

frequency effect under microstreaming is based on the boundary layer, of thickness , 

separating the inner and outer streaming vortices: 

 

 = (2/)1/2 

 

where  is the shear viscosity,  the angular frequency and  the density of the liquid. 

The boundary layer has a thickness of about 4 m at 20 kHz and 0.56 m at 1 MHz in 

water. The smaller size of the layer at high frequencies results in high velocity gradients 

and shearing stress of ca. 550 Pa. Bubbles vibrating at 20 kHz as source of 

microstreaming are capable of breaking erythrocites which leak haemoglobin  when shear 

stress exceeds 450 Pa [109] (Figure 20). 
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Fig. 20. Schematic diagram showing the relationship between cavitational forces and cell 

surface strength. Rigid structures are broken by bubble collapse, with little or no 

microstreaming effect. The x-axis (strength factor; no numerical values are given) 

provides an indication on the shear forces required to disrupt mammalian or microbial 

cells. Reproduced with permission from ref. [109]. Copyright 2008 Elsevier Science Ltd. 

 

 

 Similar conclusions on the negligible effect microstreaming has on biofilm 

disruption have been reached by Fernandez Rivas et al.  using a small-scale ultrasonic 

device with the ability of locally remove layers of metals, polymers or biomaterials from 

a glass slide (Figure 21) [110,111]. The innovative idea here is the use of a silicon surface 

containing micropits where individual gas bubbles can be entrapped. Ultrasonic vibration 

gives rise not only to acoustic streaming from the oscillating surface, but also results in 

gas bubble pinch-off from the micropits at high enough pressures. The glass cavitation 

chamber (25 mm outer diameter and 6 mm depth) is glued to a piezo element working at 

a frequency of 200  5 kHz at the bottom. The biofilm was removed rapidly when the 

bubble cloud was attracted by the biofilm-covered substrate (Figure 21). However, no 

removal was observed by streaming alone or by bubble clusters not attracted to the glass 

surface. This behaviour was also observed for a hydrogel mimicking biofilm 

characteristics. 

 



34 

 

 
Fig. 21. Top: schematic setup of an ultrasonically vibrating micropitted silicon surface. 

The cavitation chamber is filled with pure liquids or a cell cultivation liquid for biological 

assays. Bottom: temporal recording of a biofilm removed by microbubbles. The gray area 

with black dots is the zone covered by biofilm. The pit is indicated with a large black dot. 

Microbubbles can be identified as the blurred dark region surrounding the pit. 

Reproduced with permission from ref. [110]. Copyright 2012 AIP Publishing. 

 

 

 The increasing growth of neuropathologies, especially in Western countries, that 

are associated with prions and other aggregates of misfolded proteins has become a 

serious concern in biomedical research. Amyloid fibril formation, for instance, appears to 

be the critical step in Alzheimer’s disease. Ultrasound has been used to evaluate both the 

formation and disruption of amyloids, although contradictory results may be found as 

sonication parameters are often overlooked, much like in biofilms.  

 

Sonication-induced fibrils, generated in thermostated baths at short irradiation 

times (ca. 1 min), cause the formation of subsequent fibrils (self-seeding). The process is 

pH-dependent and AFM images indicate that fibrils with diameters of more than 7 nm are 

obtained at pH 7.0, which are thicker than those formed at pH 2.5 [112]. Fibril breakage 

occurs at longer irradiation times, although ultrasound also produces a uniform fibril 

length distribution. A recycling model has been proposed as the fibrils in the sonicated 
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samples markedly increase their length when left undisturbed [113]. The homogeneous 

size achieved under sonication bears some resemblance to the pluses associated with 

sonocrystallization, thereby favouring the nucleation step. The growth phase proceeds in 

a template-like manner by incorporating monomers into the ends of seed fibrils. Without 

sonication, the energy landscape is broad and additional break down or re-agglomeration 

mechanisms would result in a wide range of fibril lengths. The elongational field 

triggered by sonication modulates the free energy profile and leads to monodispersed 

fibrils with uniform size, as shown in Figure 22 (average molecular weight of 1,660,000 

daltons or 140 mer) [114]. 

 

 
Fig. 22. Effects of pulsed ultrasound on the fragmentation of 2-microglobulin. A-D 

show AFM images of the fibrils before sonication and after 1, 18 and 72 pulses, 

respectively. E-F show the corresponding electron microscopy images. Pulses were 

applied for 1 min with variable quiescent periods. Sonication was run at 37 ºC in a bath 

(ca. 17-20 kHz). Reproduced with permission from ref. [114]. Copyright 2009 American 

Association for the Advancement of Science. 

 

 

 Molecular dynamics simulations have recently been performed to ascertain the 

disruption of amyloid fibrils, which sheds light onto the cavitational event [115]. No 

significant changes in the peptide structure are observed at positive pressures. At negative 

pressures, however, a bubble is created, mainly around the hydrophobic residues of the 

transmembrane region. Most -sheet structures are maintained even in the bubble, 

although the latter collapses after reaching a positive pressure and water molecules 

impact against the hydrophilic residues in the non-transmembrane region and disrupt the 

amyloid. Shorter amyloids require longer irradiation times for disruption to occur, 

because the number of hydrophobic residues is insufficient to serve as bubble nuclei, 
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which is consistent with the above-mentioned experimental results. These simulations 

however, assume that bubbles are generated from water vapour and do not take into 

account the formation of microbubbles from existing gases in solution. Likewise, 

fragmentation induced by shearing forces was not considered either. Further molecular 

modelling reveals that force-assisted fragmentation and fracture times in amyloids 

depend on polymorphic substructures [116]. Also, fibrillation appears to be strongly 

dependent on chemical composition as proven by another study into chitin derivatives 

under ultrasonication and gas bubbling in water [117]. 

 

 

5. Ultrasonically-driven Motion 

 

 If any aspect of ultrasonic irradiation is tightly linked to molecular biology, it must 

surely be mechanotransduction, by which mechanical input is harnessed for autonomous 

motion or converted into (bio)chemical signals. Although the morphologies of living 

organisms are encoded in their genomes, cells are otherwise active gels and the 

evolutionary processes that lead ultimately to shape are rooted in mechanical forces. The 

emerging field of mechanobiology aims to understand how mechanical information 

translates into complex processes like cell growth, differentiation or motility [118,119].  

Mechanical energy makes sense in this context as numerous cellular processes involve 

the activation of stress-sensitive molecules or fluid flow generation. On the other hand, 

overlooked pathologies caused by low-power sound and low-frequency noise (up to 500 

Hz) are most likely associated with changes in mechanotransduction cellular signalling 

[120].  

 

 In close mimicry of biological systems, mechanical motion and other chemical 

responses can be performed by external stimuli. A plethora of micro/nanomotors have 

been designed in recent years, with varied degree of functionalization, which work under 

physical force, including ultrasonic acoustic waves [121,122]. Surface acoustic waves 

(SAWs) that can be generated in miniaturized devices are ideal for lab-on-a-chip 

applications. A seminal demonstration by Hu and associates showed how an acoustic 

needle that vibrates under the action of a piezoelectric transducer was able to trap and 

rotate small particles around its tip in water. The rotation of trapped particles can be 

controlled by the acoustic pressure near the tip or by controlling the frequency and power 

(via voltage) of the transducer [123]. An extension of this concept is the use of SAWs on 

a piezoelectric substrate (made of lithium niobate) with a pair of interdigital transducers 

to induce rotation of a small disk (5 mm diameter) immersed in a water drop. Large radial 

accelerations (172 m/s2) were obtained and hold potential for microcentrifugation [124]. 

 

 The autonomous motion of metallic microrods, in the form of levitation, rotation, 

propulsion, alignment and particle assembly has been induced in water or saline solutions 

using SAWs at 3.7 MHz [125]. Moreover, results obtained with metallic and polymer 
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(polystyrene) materials are substantially different and depend strongly on shape and 

symmetry (Figure 23). Metal rods induce strong vortices upon alignment and display 

preferential axial motion, while spherical metal particles induce vortices as well, but 

scarcely show directional motion. Polymer particles show neither directional motion nor 

induce vortex formation, irrespective of shape. The fact that polymer rods display no 

directional motion, but weak axial rotation, when aligned suggest that such trends are 

influenced by different acoustic field effects. Thus, axial propulsion arises chiefly from 

the scattering of acoustic waves travelling in the z-direction and its rate can be altered 

either by modifying the amplitude and frequency of the continuous irradiation or by 

means of pulsed sonication. It would appear that the swimming trajectory of an object is 

governed by the balance between the orienting force induced by the physical field and the 

effects that randomize particle orientations, such as rotary Brownian motion and/or a 

tumbling mechanism like that of flagella in bacteria [126]. 

 

 
Fig. 23. Schematic illustration of the different types of motion: (a) axial directional 

motion with chain assembly, (b) in-plane rotation, and (c) axial spinning and pattern 

formation, of metal microrods in a 3.7-MHz acoustic field. AuRu rods (gold-silvery 

colour in dark image) showed similar behaviour to of Au rods, except that they moved 

from the Ru ends (silvery end in the image) forward and aligned heat-to-tail into chains. 

Images (d) and (e) show chain structures and ring patterns formed by Au and AuRu rods. 

Reproduced with permission from ref. [125]. Copyright 2012 American Chemical 

Society. 
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Wang et al. have recently displayed the modulating effect of an ultrasonic field on 

the bubble propulsion of a chemically-fuelled microengine [127]. The latter, fabricated 

by electrodeposition, consists of a poly(3,4-ethylenedioxythiophene) (PEDOT)/Ni/Pt 

tubular arrangement (15 m long, 5 m diameter in its wide side). The catalytic 

decomposition of hydrogen peroxide fuel on the inner Pt surface releases oxygen 

microbubbles, which leads to microengine propulsion.  The application of ultrasound 

disrupts bubble evolution, thus hindering and stopping movement. In the absence of 

sonication, the microengine moves at high speed (231 m/s) with a characteristic bubble 

tail. When irradiation is applied (at 10 V of the US transducer), the microengine almost 

stops completely within 0.1 s and only maintains a negligible velocity of 0.6 m/s. When 

the ultrasonic field is turned off, the original speed is regained once again within 0.1 s. 

Reproducible on/off cycles are observed and different velocities can be obtained by 

simply tuning ultrasonic power. 

 

Acoustic propulsion in biological fluids and cells opens the door to biomedical 

applications, from drug delivery to the selective transport or capture of biological targets 

(e.g. bacteria) [128], and have perhaps taken their inspiration from the film “Fantastic 

Voyage”. The fuel-free propulsion of a nanomotor by means of acoustic energy can be 

additionally oriented in the presence of a magnetic field, thus targeting specific cells and 

tissues. As a proof of concept, a ferromagnetic nickel stripe has been electrochemically 

grown between diamagnetic Au and Ru segments, which then respond to a weak external 

magnetic field (40-45 mT) used to orient nanowires that move along their long axes, 

propelled by SAWs (3.7 MHz) [129]. These features enable m-level precision toward 

living human cervical cancer cells (HeLa cells) cultured in an aqueous phosphate buffer 

(Figure 24). Moreover, viability tests showed no significant cell degradation in the 

presence of metallic nanowires after 20 min of acoustic irradiation (at 10 V peak values). 

This experiment demonstrates clever random motion suppression in microengines which 

were fine-tuned by a second controlling field. Ultrasound-excited motion (at 4 MHz 

resonant frequency) of Au nanorods inside HeLa cells, which remain viable after 

ultrasonic exposure, has also been reported and shows the aforementioned directionality 

patterns of axial propulsion and spinning [130]. 
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Fig. 24. Acoustically-propelled nanomotor targeted at a HeLa cell (images A-C). D: 

nanowires are moving parallel to a group of cells, with their direction indicated by the 

arrow. E: when the external field is turned, nanowires are magnetically steered toward the 

cells through an approximately 90º turn. Reproduced with permission from ref. [129]. 

Copyright 2013 American Chemical Society. 

 

 

 In a different strategy to achieve ultrasound-guided motion, Wang and coworkers 

prepared microbullets with an inner Au layer that permits conjugation to a monolayer of 

thiolated cysteamine. The entire functionalization also enables electrostatic attachment to 

perfluorocarbon (PFC) (either perfluoropentane or perfluorohexane) droplets to be 

carried out. Under ultrasonic irradiation, the PFC droplets are vaporized, leading to the 

net motion of microbullets towards lamb kidney tissue. Propulsion can be modulated by 

adjusting external parameters like acoustic pressure, pulse duration or surfactant 

concentration [131]. 

 

 Although not directly related to acoustic nanomotors, one might wish to pay 

attention to the selective binding control of single molecules in biological media. As an 

illustrative example, low-power ultrasound radiation, mediated by magnetic particles, can 

selectively dissociate non-covalent bonds according to their inherent strengths [132]. 

Consider for instance, as shown in Figure 25, two types of non-covalent bonds to 

biological receptors: one occurring between a magnetically labelled ligand and receptor 

1; the other involving interaction between the ligand and receptor 2, that is assumed to 

have a weaker binding constant than the former. Low-power sonication will only be able 

to selectively dissociate the weaker bond. The dissociated magnetic particles will cause a 

decrease in the magnetic signal due to the randomization of their magnetic dipoles. 

Subsequent application of a slightly higher-power ultrasound will dissociate the stronger 
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bond between the ligand and receptor 1. Different antibodies and DNA duplexes have 

been mechanically resolved using this approach. 

 

 

 
 

Fig. 25. Schematic illustration of the acoustic radiation force (ARF)-based FIRMS 

(force-induced remnant magnetization spectroscopy) approach for the selective cleavage 

of non-covalent bonds. Reproduced with permission from ref. [132]. Copyright 2014 The 

Royal Society of Chemistry. 

 

 

6. Cleaning, Erosion and Streaming: New Developments 

 

 Cleaning, erosion, emulsification and streaming are paradigmatic effects of the 

mechanical action of high-amplitude waves and cavitating bubbles. This penultimate 

section does not intend to re-emphasize these aspects, as they are well established and lie 

at the core of sonochemistry. Rather, we shall provide glimpses of a few recent 

applications which harness these mechanical mechanisms. 

 

 Fluid recirculation enhancing acoustic streaming [26], can be used in the 

sonoprocessing of solid particles and, most notably, make use of low-cost commercially 

available devices which operate at low frequencies. The so-called Ca-looping process is a 

viable technology with which to perform postcombustion CO2 capture with high 

efficiency. In short, it involves the separation of CO2 via the carbonation of CaO in a 

fluidized bed at high temperature, followed by limestone calcination to regenerate the 

sorbent. Capture is increased under low frequency acoustic vibration (ca. 100 Hz) and 

intensities of around 140 dB [133,134]. The operational setup is shown in Figure 26. Fine 

particles (with diameters smaller than 100 m) are entrained in the oscillating gas flow 

induced by the low-frequency field, which leads to the strong agitation of the bed and 
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enhances gas-solid contact. Moreover, acoustic streaming (i.e. intense convection of gas 

flow) is generated on the surface of larger particles (otherwise unmovable by the acoustic 

wave) and promotes both heat and mass transfer at the gas-solid interface. These 

mechanisms, used combined or separately, increase carbonation/decarbonation rates, but 

depend heavily on average particle size and sound parameters. 

 

 It should be noted that audible sound (generated by cheap loudspeakers) can be 

used for related separation techniques, even at large scales (pilot plant). A reduction in 

particle emissions from coal combustion fumes has been achieved using an array of 

stepped-plate piezoelectric transducers, which produce a homogeneous distribution of 

high-intensity waves (145-165 dB), located along the wall of the chamber at that high-

temperature environment [135]. 

 

 
Fig. 26. Diagram showing Ca-looping sonoprocessing. 1: Compressed gas used for 

carbonation (15% CO2/85% N2 v/v); 2: compressed gas used for calcinations (dry air); 3: 

mass flow controllers; 4: temperature controller; 5: furnace; 6: quartz reactor; 7: sound 

waveguide; 8: elastic membrane; 9: microphone; 10: loudspeaker; 11: differential 

pressure transducer; 12: particulate filter; 13: mass flow meter; 14: gas analyzer; 15: 

signal amplifier; 16: signal generator; 17: oscilloscope; 18: air cooling system. 

Reproduced with permission from ref. [133]. Copyright 2013 American Chemical 

Society. 
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 Cleaning and erosion can be visualized at small-scales using miniaturized devices 

and provide fine details of the mechanical action. Material removal experiments have 

been conducted using the setup shown in Figure 21 (top) for the elimination of biofilms 

[110]. The cavitation cell does not enable an optical visualization of the cavitating 

bubbles due to the opaque character of materials deposited on the glass slide. However, 

some observations, which are also dependent on the pit arrangement and intensity (Figure 

27),were made. For deposited gold, a small opening in the Au layer (right on top) is seen 

(where the pits are located) when low power irradiation is applied (0.182 W). At constant 

power, the size of the removed layer increases slowly. The maximum area removed for 

one pit is ca. 0.03 mm2. This increases proportionally upon increasing the power for two, 

three or four pit geometries (linear, triangular or rectangular shapes, respectively, are 

seen). While this kind of surface removal is observed for both Au and Pt, deposited Cr 

and Ti (expected to have harder passivating coatings) do not undergo removal under the 

above conditions and the bubbles are able to detach small pieces only occasionally. When 

the ultrasound is switched off, the pits are filled with water and, if a bubble is still inside 

a pit, further bubble nucleation can no longer be attained. When ultrasound is turned on, 

no cavitation is observed from the micropits. As mentioned in Sect. 4, streaming does not 

account for surface removal and the cleaning effect is locally restricted to the pits and 

how close the nucleated bubbles are from the surface to be removed. 

 

 
Fig. 27. From top to bottom (and left to right): bubble generation from 1 to 4 pit 

arrangements at low and high power. Left: bright field illumination (inverted colour) 

showing bubble patterns at slow speed imaging. Right: Shapes of cleaned areas in gold 
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(black) caused by bubble cavitation. Reproduced with permission from ref. [110]. 

Copyright 2012 AIP Publishing. 

 

 The influence of radical production by the cavitation bubbles was also investigated 

by exposing all the metal surfaces to hydrogen peroxide. No Au reaction was observed in 

the first 5 min, however some small regions showed tiny amounts of detachment (ca. 1 

mm2) after that time. Some chemical activity was detected in Pt in the form of bubbling 

and gas formation, most likely H2/O2 generation, which led to the removal of the entire 

layer in a few seconds. On the other hand, Cr and Ti did not undergo reaction after 10 

min of irradiation. The latter allows to conjecture that any contribution from radical 

species (such as H· or HO·) to the removal rates will be minimal under the conditions 

employed to produce cavitating bubbles, which nucleate from the pits [110]. 

 

 Surface damage can be caused by bubble cavitation and shock waves on non-

coinage metals. Silicon is an oft-studied case where surface erosion has been studied in 

various crystallographic orientations; namely (100), (110) and (111) surfaces at 191 kHz 

[136]. The most significant damage caused by cavitation was observed on the (100) face, 

with an eroded area which was ca. 2.5 times larger than in other crystallographic 

orientations after 180 min of irradiation. Erosion pits increased at a constant rate for 

(110) and (111), although this effect stopped in (100) after 120 min.  

 

 More complex transformations have been observed for crystalline silicon under 

acoustic cavitation in water sparged with Ar at temperatures of between 10 and 20 ºC 

[137]. Spectroscopic investigation reveals that Ar, which is bubbled continuously through 

the liquid phase, is ultrasonically excited via mechanoluminescence, i.e. light emission 

produced by mechanical action on the Si surface. This phenomenon also triggers physico-

chemical transformations at the solid-liquid interface (Figure 28), thus causing stress and 

defects as well as an increase in roughness and wettability. Interestingly, progressive 

amorphization of the crystalline was also observed. The latter can be attributed to a loss 

of lattice stability during the high-energy environment created by the collapsing bubbles 

in compression/decompression cycles. This shock-wave-caused mechanical effect should 

also be considered as the local pressures generated by such waves are similar to those 

employed in high-pressure transformations of crystalline silicon. 
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Fig. 28. SEM images of crystalline silicon showing the propagation of cracks and defects 

after sonication for (a) 5 h, both (b) and (c) 7 h, (d) 9 h, (e) 12 h, and (f)-(h) 15 h. 

Acoustic intensity is 32 W/cm2, Ar bubbling at 20 ºC in water (250 mL). Reproduced 

with permission from ref. [137]. Copyright 2012 American Chemical Society. 

 

 

7. Concluding Remarks: Open Questions 
 

 It should now be unnecessary to underline the mechanical connection between 

sonochemistry and other subfields of mechanochemistry. The former clearly possesses a 

series of inherent characteristics by virtue of various forces generated in a liquid under 

the action of pressure waves. Both chemical and physical activation, especially when 

cavitation is present, are able to drive numerous transformations and often provide a 

useful mechanistic rationale. 

 

 As a leading sonochemist [9], who was paraphrasing Churchill, once said; 

sonochemists and mechanochemists are one people separated by a common phenomenon. 

This phenomenon is obviously the conversion of mechanical energy into chemistry, 

which includes a vast territory of applications worthy of exploration. The present survey 

simply summarizes a few fundamentals plus some scenarios of current and active 

interest. The interplay between sonochemistry and its mechanical relationships invariably 

leaves open questions and new avenues to investigate. To mention a few: 

 

a) Further developments in theoretical modelling, particularly via high-level 

quantum-mechanical calculations, are required and will boost our understanding of 

the forces involved. Cavitational modelling is, in any case, a challenge because of 

its nonlinear effects.  
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b) How can selectivity be controlled in macromolecular or supramolecular 

arrangements? 

c) What kind of physical effects are involved in the acoustically-promoted formation 

of metastable crystals, co-crystals and nanostructures? 

d) How do cavitation and other physical effects influence or alter phenomena such as 

mechanoluminescence or chemiluminescence? 

e) How does reactor design affect efficiency and reproducibility? 

f) Should energy efficiency also be analyzed in terms of batch versus continuous 

processes? 

g) How different are acoustic fields from other forms of flowing energy? (e.g. 

hydrodynamic cavitation) 

h) What kind of safety concerns should be addressed? (in particular mechanical input 

in single cells and biofluids) 

i) How can we assess sonomechanical mechanisms? Are there suitable molecular 

probes? 

j) Can we probe cell mechanics with ultrasonics via non-invasive and innocuous 

techniques? 

 

Ultrasonication tells us that liquid flows may offer rich science, merging physics 

and chemistry. We are often fascinated by liquid patterns observed in common and cheap 

cleaning baths or bubble clouds around an ultrasonic horn. Many years ago, Leonardo da 

Vinci, the prototypical Renaissance genius, was the man who loved fluids [138]. His 

drawings reflect passion and curiosity and show swirling, curving, revolving and wavy 

patterns with precision. He recognized that flow was an essential ingredient of life. Had 

Leonardo known more about the action of sound in liquids, he would have certainly 

conveyed science and beauty to mesmerize all future generations forever. 
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