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Bubbles couple to sound fields to an extraordinary extent, generating and scattering sound, and 
changing the chemical, physical and biological environments around them when excited to pul-
sate by an appropriate sound field. This paper accompanies a plenary lecture, opening with the 
way that the sound emitted by bubbles, when they are injected into the ocean by breaking waves, 
helps track the >1 billion tonnes of atmospheric carbon that transfers between atmosphere and 
ocean annually. However, compared to carbon dioxide, atmospheric methane has at least 20 times 
the ability, per molecule, to generate ‘greenhouse’ warming. Worldwide there is more than twice 
the amount of carbon trapped in the seabed in the form of methane hydrate than the amount of 
carbon worldwide in all other known conventional fossil fuels. Acoustics can track the release of 
bubbles of seabed methane as this hydrate dissociates in response to increasing ocean tempera-
tures, an effect cited by some as a possible climate apocalypse. Continuing the methane theme, 
this paper discusses the sounds of methane/ethane ‘waterfalls’ on Titan, Saturn’s largest moon, 
before returning to Earth’s oceans to discuss how whales and dolphins might use the interaction 
between sound and bubbles when hunting. This in turn suggests possibilities for radar in the 
search for improvised explosive devices. The paper closes with consideration of another apoca-
lypse, discussing the role that bubbles and acoustics have in mitigating the ‘antibiotic apocalypse’, 
when in response to the increasing use of antimicrobials (antibiotics to combat bacterial infec-
tions; anti-virals for viral infections; anti-fungals for fungal infections; and targeted chemicals to 
combat parasites) the four classes of microbes all naturally evolve resistance, such that by 2050 
Anti-Microbial Resistance will be killing more people than cancer, and will have cost the world 
economy more than the current size of the global economy. 
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1. Introduction 
A gas bubble injected into, or fragmenting within, a liquid, will generate a natural acoustic fre-

quency that is inversely proportional to its size, because the act of injection causes the bubble to 
pulsate. This acoustic signal can be remotely detected by passive hydrophones and used to monitor 
the amount of gas that is injected into the natural bodies of water by waterfalls [1], breaking ocean 
waves (Fig. 1a) [2-5], or the leaks of gas from the seabed, deep-sea pipelines, or carbon capture and 
storage facilities (Fig. 1b) [6]. 

When driven by an imposed acoustic field that has a frequency close to the bubble’s natural fre-
quency, resonance can occur, significantly increasing scatter [7]. This can add active methods for 
bubble detection, to support or replace the passive detection techniques mentioned above. These ac-
tive techniques can be further enhanced when the bubble is driven with an amplitude that is large 
enough, and sufficiently close to resonance, to cause nonlinear scattering to occur, generating har-
monics, subharmonics and ultraharmonics of the incident acoustic field [8], enabling the bubbles to 
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be distinguished from scatterers (such as suspended solids [9]) which are not able to generate nonlin-
ear signals when driven by the same sound field. At even higher amplitudes, the bubble pulsations 
are sufficiently great to cause biological [10], chemical [11] and physical [12] changes to their local 
environment, which can be unwanted to desirable, depending on the application [13]. 
 

 
(a) (b) 

Figure 1: (a) Model of the spatial distribution of bubbles formed under a breaking wave, where 
the colour scale indicates the bubble radius (for details see [14,15]). (b) Schematic of how passive 
(yellow) and active (red) acoustics might be used to detect bubble leaks from deep sea pipelines 

and carbon capture and storage facilities, and from natural seeps from the seabed [6]. 
 

2. The coupling between the submerged gas bubble and the acoustic 
field 

A submerged bubble of gas couples extraordinarily well with sound fields. A submerged pocket 
of gas is a target that has a huge acoustic impedance mismatch at the bubble wall, because the acoustic 
impedance of the gas differs so much from that of the liquid [16]. However (except for large bubbles) 
this impedance mismatch is a secondary contributor to the strong coupling between bubbles and 
sound fields. This is because the stiffness of the gas (which resists expansions and contractions as the 
bubble pulsates) and the inertia of the liquid (which must move in and out as the wall of the bubble 
moves) combine to make an oscillator. Surface tension (the energy required to form a unit area of 
new surface) makes bubbles tend to the spherical (with greater effectiveness as the bubble size de-
creases), because a spherical wall takes least surface area energy to encapsulate [17]. Oscillations of 
the bubble can be broken down into a set of spherical harmonic perturbations, but only the zeroth 
order spherical harmonic (the pulsation) changes the bubble volume to first order: the second order 
(the oscillatory shape change of the bubble between ‘pancake’ and ‘needle’ shape [17]) and higher 
orders, and the first-order ‘translation’ of the bubble, do not change the volume of the gas, and so do 
not perturb the pressure in the gas in an oscillatory manner. However the zeroth (‘pulsation’) order 
component of the bubble oscillation does change the gas pressure on the inner boundary of the bubble 
wall, which is matched by an oscillatory pressure in the liquid. This signal can propagate acoustically 
away (and towards) the bubble. Injected bubbles therefore can take all manner of shapes, and ‘wob-
ble’ in all manner of ways, but hidden in among these many oscillations is a pulsation component 
which radiates an acoustic wave into the liquid at the natural frequency of the bubble (as given by the 
square root of the ratio of the stiffness of the gas to the inertia of the liquid).  
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In similar vein, a low-amplitude acoustic wave directed at a bubble, if it is close to the pulsation 
resonance frequency of the bubble, can generate bubble pulsations with characteristic resonance-type 
variations in amplitude and phase determined by the ratio of the acoustic frequency to the pulsation 
resonance frequency. The bubble scatters the sound field close to resonance because of that pulsation. 
When the bubble is driven by frequencies that are much higher than its pulsation resonance frequency 
(which is equivalent to using, as a target, a bubble which has a radius much larger than that which 
would be resonant at the driving frequency, since the bubble resonance frequency is inversely pro-
portional to the bubble radius), the bubble barely pulsates, and the scatter is due to the impedance 
mismatch at the bubble wall [16]. At driving frequencies much less than resonance, although the 
bubble is far from resonance, the timescale of the compressions and rarefactions of the acoustic wave 
in the liquid are long compared to the natural frequency of the bubble: the bubble has plenty of time 
to grow and contract, so even though it is far from resonance, the bubble can, for example, dramati-
cally reduce the sound speed at low frequencies [18]. Sound speed changes, attenuation, and scatter 
are (with some exceptions), greater the closer one is to resonance.  

When strong sound fields are used close to resonance, the bubble pulsation becomes nonlinear, 
because the stiffness of the gas depends on the displacement of the bubble wall and so varies through 
the oscillatory cycle [19]. This can create harmonics, subharmonics and ultraharmonics, and if the 
bubble is insonified with two frequencies (߱ଵ and ߱ଶ), it can generate combinations of those frequen-
cies (߱ଵ ± ߱ଶ; ߱ଵ ± 2߱ଶ; ߱ଵ ± 3߱ଶ; ߱ଵ ± ఠమଶ ;  ߱ଵ ± ଷఠమଶ ; etc. [8, 20]). These can be used to detect 
and size the bubbles, separating them out from other scatterers [2]. 

At still higher pulsation amplitudes, the bubble can change the environment: simple characteriza-
tions have discussed how the compressed gas can attain temperatures of thousands of degrees, causing 
the production of highly reactive chemical species, which in turn can affect species in the gas or 
liquid, including DNA. In fact, shock waves can occur in the bubble gas and liquid, particularly if the 
bubble involutes during collapse, such that a high speed liquid jet passes through the bubble and 
impacts the far bubble size, causing GPa blast waves [21-23]. These can cause physical damage, 
which can be detrimental (e.g. erosion to propellers [24]) or beneficial (e.g. in the destruction of 
kidney stones [23, 25, 26]).  

3. Oceans and climate change 
The power of acoustics to detect and characterize bubble populations brings obvious benefits to 

the petrochemical industry (Fig. 1b). However, there are also significant implications for climate sci-
ence. The oceans act as a significant sink of anthropogenic carbon dioxide [27, 28], yet most historical 
calculations have assumed that the ocean is an unbroken surface [29, 30]. Bubbles not only increase 
the effective surface area of transfer for atmospheric gas to dissolve into, and exsolve out of, the 
oceans – they also remove the process from chemical equilibrium conditions because the excess pres-
sure in the bubble gas (caused by the effects of surface tension and hydrostatic pressure) tends to 
favour dissolution.  

To quantify the climatically-important carbon transfer mediated by bubbles trapped through break-
ing ocean waves, we can assess the number of bubbles (and their size) injected into the ocean using 
passive acoustics. However, it is not sufficient simply to know how many bubbles are injected into 
the ocean by breaking waves. One must also know how many are left some time after the wave has 
broken, after some bubbles have risen to the surface, and others have dissolved. To do this, we project 
sound at the bubble clouds [3, 15, 31, 32], and from the scatter we quantify how this undersea bubble 
population evolves, producing models of the shape and size of the undersea bubble clouds [Fig. 1a]. 
Such models [33-35] allow us to quantify the effect of bubbles on the transfer of carbon between 
atmosphere and ocean. 

The transport of atmospheric carbon in the form of carbon dioxide is well known to have climactic 
significance. However methane has the ability to generate ‘greenhouse’ warming per molecule of 
methane gas that is at least 20 times greater than that of each CO2 molecule [36], and any assessment 
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of marine gas reserves should also factor in the potential contribution from hydrate dissociation, 
which will be promoted through warming associated with climate change [37]. The assessment of 
Dillon [38] is that the global reserve of methane in the form of hydrate is more than twice the world-
wide amount of carbon to be found in all known conventional fossil fuels on Earth. Therefore in the 
past decade, significant attention has been paid to the acoustics of the seabed near natural seeps of 
methane and carbon dioxide, and to the regions where CO2 (anthropogenically trapped from the at-
mosphere) might be stored in depleted seabed oil and gas reservoirs. The world’s first gas injection 
tests, to test acoustic (and other) methods of detecting gas leaks from such sources, and their impact, 
have recently been conducted [39, 40].  

 

 
 

(a) (b) 
Figure 2: (a) Model (left) of acoustic rays based on a photographed spiral bubble net (model-

ling from Leighton et al. [41, 42]; photo by T. Voorheis of Gulf of Maine Production). (b) 
Image of a dolphin blowing bubbles to catch fish (Image courtesy of The Blue Planet. BBC). 
 

 
(a) (b) 

Figure 3: (a) Aerial image of Persian Gulf (mage courtesy J. Descloitres, MODIS Land Rapid Re-
sponse Team at NASA GSFC). (b) TWIPR Radar signal from (i) an aluminium plate, (ii) a circuit 
resembling components of a bomb trigger; (iii) a rusty bench clamp; (iv) mobile phones in vari-

ous states (on, off, or with invalid SIM cards) See [48] for details. 

4. Marine mammals and bubbles 
Our ability to model the scattering of sound by undersea bubbles allowed us to postulate the mech-

anism by which humpback whales trap prey within spiral bubble nets. Although it had been known 
for decades that whales blow bubbles to do this, the reason why the prey do not escape the trap was 
not known [14]. Our models [Fig. 2(a)] showed that the spiral bubble net traps the loud calls emitted 
by whales to produce an impassable ‘wall of sound’, whilst simultaneously creating a quiet zone in 
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which the prey would congregate, this zone appearing to occur (in the limited data available) in the 
model at the exact location where the rising whales feed [as photographed in Fig. 2(a)] [41-43].  

However, unlike humpback whales, dolphins use high frequency sonar to find prey, and the bubble 
nets they create [Fig. 2(b)] would confound their sonar. Rather than accept that such dolphins would 
‘blind’ their most spectacular sensory apparatus when hunting, we set about proving that a previously 
unknown type of sonar processing (TWIPS) could detect prey in bubble nets [19, 44]. This was shown 
to work with dolphin sonar calls [45], although the question of whether odontocetes use such a method 
or not is still open to question [46, 47]. Industry is now developing this to protect shipping in coastal 
regions such as the Persian Gulf, where clouds of bubbles and particles in the near-shore waters make 
mine detection difficult [Fig. 3(a)]. Realizing that this new processing system could work with radi-
ations other than just sonar, we used it to develop a radar system (TWIPR) where the scattering off 
circuitry from a bomb trigger was more than 30 dB more powerful than the scattering off other targets 
[Fig. 3(b)] [48]. With the ability selectively to detect mobile phones as readily as bomb triggers, 
TWIPR can help finding buried targets of interest (bombs, people carrying phones buried by collapsed 
buildings or avalanches) where normal radar would not be able to identify the genuine target from 
other debris [typified in Fig. 3(b) by (i) & (iii)]. 

 

5. Extraterrestrial bubble acoustics 
The ability to infer the bubble sizes generated from the sounds of waterfalls and breaking waves 

(as discussed above) was used to create [14, 49] the possible sound of ‘methanefalls’ (waterfalls made 
up of liquid methane and ethane) on Saturn’s largest moon, Titan. As the Cassini-Huygens mission 
approached Titan in 2004, no-one knew what the surface would be like because Titan is shrouded in 
a thick fog. However, one body of opinion held that, with a 93 K surface temperature, the cold con-
ditions and dense atmosphere would allow for the existence of lakes and possibly methanefalls. 

Prior to Huygens’ landing, we simulated the sound that would be made were Huygens to splash-
down in a lake, and the sound that a probe on the surface of Titan might detect if it landed with its 
camera facing away from the methanefall. Huygens was very successful, and although its images 
from its landing site revealed a barren landscape (Fig. 4(a)), during descent some indication of topog-
raphy that might have been carved by flowing surface liquid was revealed (Fig. 4(b)), and later radar 
observations by Cassini revealed lakes (Fig. 4(c)). 

The objective of our research was to provide material for outreach, but also to explore the extent 
to which we might start to construct the soundscapes of other worlds. Despite all the planetary probes 
that have been sent out, we have not yet heard the soundscape of another world [50]. Consequently, 
this work was conducted for the purpose of: 

 enabling better design of microphones and sound sources for use on future planetary probes, 
with respect to improving signal to noise ratios, more reliably interpreting any detected sig-
nals, and enabling and maintaining an appropriate calibration given the differences between 
Earth’s environmental parameters and the deployment environments (which can vary hugely 
even over a single world like Venus or Jupiter) [51-55]); 

 improving the design of missions exploiting acoustics in planetary exploration (for example, 
by correcting the analysis used to predict the correct placement of detectors on ice-covered 
moons like Jupiter’s moon Europa, with the purpose of using sound to explore the vast water 
oceans beneath the ice [56-58]); 

 eliminating errors in mission planning introduced by use of familiar Earth-based acoustics to 
extraterrestrial environments [53]; 

 exploring the extent to which we might interpret sounds picked up by planetary probes to 
ascertain key features about the world the probe is exploring [59,60]. 

For this latter objective, in designing the algorithms to simulate the sounds of worlds, we were 
able to provide a device, licensed to planetaria [59], which not only allows the audience to hear the 
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simulated sound of the world under discussion, but in live presentations allows the presenter to use 
the voice they would have on a given planet (if they could live and speak), when telling schoolchildren 
about that planet [61]. More details on this topic are available on the Internet [62]. 

 

 
(a) (b) (c) 

 
Figure 4: Cassini-Huygens images of Titan. (a) Titan’s surface at Huygens’ landing site. 

(b) Titan’s surface imaged by Huygens during descent. (c) False-colour Cassini radar image 
of Titan’s surface. Blue colouring indicates low radar reflectivity, attributed to hydrocarbon 

seas, lakes and tributary networks of liquid ethane/methane. Credit: NASA/JPL/Caltech. 
 

6. A role for bubble acoustics to mitigate the ‘antibiotic apocalypse’ 
The ‘antibiotic apocalypse’ is in fact a broader problem than simply our ‘running out of antibiot-

ics’: within a decade we will encounter increasing failure of current interventions to combat infections 
and parasites, as an unstoppable consequence of evolution.  

AntiMicrobial Resistance (AMR) is the increasing resistance of microbes to the drugs that treat 
them: the ability of bacteria to resist antibiotics, the ability of viruses to resist antiviral agents, the 
ability of fungi to resist antifungal agents, and the ability of parasites (such as those which cause 
malaria) to resist the drugs used against them.  

We steer our global policy, and teach our children, around the predictions that, by the end of the 
century, climate change will bring in changes in sea level and ice coverage, extreme weather and 
flooding. These in turn affect human migration and disease, food and water supplies, and generate 
conflict, instability and market perturbations. Some of the grandparents living then, will never have 
met their mothers, because those women (our grandchildren) will have died of a ‘superbug’ infection 
following routine childbirth. As those children grow up, from 2050 to the end of the century, the 
inability to treat infection will have increased, because of AMR. 

In 2050 we will pass the so-called Antibiotic Apocalypse, when the rise of drug-resistant super-
bugs will be killing more people than cancer, and after that things will become worse. The UK Gov-
ernment-commissioned O’Neill report [63] states “by 2050, 10 million lives a year and a cumulative 
100 trillion USD of economic output are at risk due to the rise of drug-resistant infections if we do 
not find proactive solutions now to slow down the rise of drug resistance. Even today, 700,000 people 
die of resistant infections every year… If [antibiotics] lose their effectiveness, key medical procedures 
(such as gut surgery, caesarean sections, joint replacements, and treatments that depress the immune 
system, such as chemotherapy for cancer) could become too dangerous to perform. Most of the direct 
and much of the indirect impact of AMR will fall on low and middle-income countries” (LMICs). The 
report sets out a 10 point plan for action which it states will only succeed through a “global coalition 
for action on AMR”. The recent ‘Wilton Meeting’ organised by the Foreign and Commonwealth Of-
fice (FCO) looked at the issue of AMR in LMICs, stating [64] “The relative lack of population data 
regarding the level, complex spread and patterns of resistance in human, animal and agricultural 
contexts prevents many countries from recognising the true extent of the problem and also prevents 
the formulation of evidence-based intervention design and monitoring.” 
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What has been the response to the above authoritative reports [63, 64] on AntiMicrobial Re-
sistance? – a consensus to act from the UN [65], intermittent coverage by the media when they find 
the ‘answer to antibiotic resistance’ [66], and the allocation of research funds. However, the allocation 
of funds is not a strategy. Wisdom is needed, because the above responses all contain the improbably 
optimistic implicit assumptions that:  

 ‘someone’ will produce an antibiotic replacement that is effective and to which resistance 
will never develop faster than we can produce replacements; 

 behaviour of the public, prescribers, retailers and food producers will change from cur-
rent levels of antimicrobial guardianship [67] to a sustainably responsible level.  

Should we not have a dedicated parallel plan resourced for a future where the steps to proper 
guardianship were implemented too late, with insufficient effectiveness or global coverage, and 
where any new antibiotic replacements were only a stopgap against their own imminent resistance 
issues? That is to say, should we not plan for a world without antibiotics? That is the role of NAMRIP 
(the Network for Anti-Microbial Resistance and Infection Prevention) [68]. NAMRIP considers the 
wider picture beyond the simple action of a clinician giving a patient a therapeutic drug once the 
infection has become established (a small portion of the top right quadrant of Fig. 5).  

 
Figure 5: NAMRIP’s approach (for further details see [68]). 

 
One aspect is to look at prevention, rather than cure: if we can prevent the microbe entering the 

body, we need never apply the anti-microbial drug. The picture is however complex. For example, an 
under-rated protection against AMR is healthy skin. For many (but not all) microbes, healthy skin is 
an effective barrier. This can lead to a discussion of the roles in AMR of wound treatment and new 
minimally invasive surgical procedures. However skin can also be a potent vehicle for transporting 
unwanted microbes, e.g. when hands carry microbes to eyes, mouth, nose etc. Handwashing reduces 
such hazard, but can degrade skin integrity [69], which might lead to infection. Gloves protect the 
wearer, but their use can sometimes lead to behaviour that increase the chance of cross-infection [70].  
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Cleaning can therefore be effective, but multifaceted. Inadequate cleaning produces severe public 
health issues in hospitals [71, 72] and food preparation. From major factories in the industrialized 
world to the local abbatoir in the developing world, the mismatch between the volumes of water and 
additives used, and the robustness of the water supplies on which we depend, is failing to do its part 
in mitigating against future crises in water supplies, food production, and healthcare [73]. 

One particular innovation was the Ultrasonically Activated Stream (UAS, invented at the Univer-
sity of Southampton and now in production by Ultrawave Ltd. under the name StarStreamTM), which 
enhances the cleaning ability of liquids, and in particular enables cold water cleaning. The UAS sys-
tem, like the ultrasonic cleaning bath, bases its cleaning action on the speed of the bubble wall motion, 
and not (like pressure washers) on the speed of the flow. As such it will be less damaging than pres-
sure washers. UAS produces a free flowing liquid stream, each nozzle generating flows of around 2 
litres min-1.  Here the cleaning action of bubbles, excited with a suitable ultrasonic field, is generated 
at the end of a fluid stream. In addition, low flow rates of fluid within this approach are useful in 
releasing the contaminant from the surface and avoiding re-deposition at another location (a further 
possible limitation in bath geometries). Using higher frequencies and generating lower amplitudes of 
ultrasound in air than cleaning baths, StarStream has not had any reports of the ‘subjective’ adverse 
effects (headaches, nausea, tinnitus, migraine etc.) anecdotally attributed to some other sources of 
ultrasound in air, by, for example, some (but by no means the majority of) users of ultrasonic cleaning 
baths [74, 75]. The low velocity stream approach has many advantages; however, two basic criteria 
are necessary for this strategy to be successful. First, the sound field must be sufficient to generate 
bubble activity at the solid/liquid interface of the material to be cleaned. Second, a suitable bubble 
population must also be present on the surface of the target that needs cleaning. This population can 
then be driven by the sound field deployed and act on the contaminant at the interface in question 
(through suitable oscillation [76-79] and shear forces). These two requirements are by no means sim-
ple to create within a flowing stream but this has successfully been achieved in the UAS system.  

The ultrasonic cleaning bath causes cavitation, whereby bubbles collapse under pressure fields to 
generate extreme conditions [80-82], which can include the generation of free radicals [11, 83] and 
strong pressure waves [84-85] from the gas compression, although significantly more powerful ones 
can occur in the blast waves launched when collapsing bubbles involute to form microjets [21-23]. 
Pressure waves and jet impact can remove material from surfaces [10, 24]. In contrast, the UAS sys-
tem projects sound down a column of water [86] in order to excite surface waves [87] on the walls of 
microscopic bubbles on the surface to be cleaned. These surface waves can generate convection [88-
91] and shear forces [92, 93] in the liquid close to the bubble wall, and so produce a cleaning effect, 
altering the way material deposits onto surfaces [12]. 

A Mark I StarStream prototype was compared on paper against two commercial washing/disin-
fecting systems (see Appendix) and shown would make: 79-97% of energy savings (primarily through 
not having to heat the water, which brings the additional benefit of making it suitable for targets that 
cannot withstand hot water – fig. 6); 100% of additive savings; and 83-99% of water savings (note 
however that a Mark I StarStream recycles water, and these water savings would become losses in a 
non-recycling mode – see Appendix). Because a single UAS nozzle treated instruments one at a time, 
and was being compared to batch processors, the duration of the treatment was 150-300% worse. 
Using multiple nozzles to treat instruments simultaneously would reduce the savings in energy and 
water commensurately. Therefore the most efficient use of UAS would be to substitute it for an iden-
tical process, e.g. when instruments are first rinsed under a normal tap immediately after use, one at 
a time, before being entered into the batch processor washer/disinfector chain.    

The basic principle of the UAS device is that cold water is fed into a hollow horn that contains an 
ultrasonic transducer operating in excess of 100 kHz. The ultrasound and microbubbles in the flow 
both travel down the stream of water to the target that is to be cleaned. If the bubbles are ultrasonically 
activated when they are on the target, the cleaning ability of the liquid is enhanced in four ways: 
(i) The bubbles are attracted to the surface to be cleaned by Bjerknes radiation forces [17, 94], and 
are not as rapidly washed away by the flow as they would be in the absence of ultrasound. (ii) The 
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bubbles are particularly attracted into crevices by secondary Bjerknes radiation forces [17, 94]; such 
crevices are traditionally more difficult to clean by wiping or brushing. (iii) Surface waves on the 
walls of the bubble, excited by the ultrasound, produce enhanced convection in the liquid and en-
hanced shear in the contaminant, causing its removal. (iv) The progress of the bubble into the crevices 
would, if the liquid contained additives (e.g. detergent or biocide) cause that additive to penetrate the 
crevice far more rapidly than would reliance on simple diffusion, so that cleaning can potentially be 
achieved more rapidly, and with lower concentrations of additives.  

The effectiveness of the UAS system has been demonstrated in controlled tests on particularly 
difficult problems, specifically on: the cleaning of brain tissue and prions from surgical steel, the 
removal of contaminating material from bone transplants [95]; the removal of biofilms of dental bac-
teria [95, 96]; the cleaning of skin models  [95, 97]; the cleaning of marine biofoulant [98]; the clean-
ing of railway track [99]; the cleaning of hands, kitchen surfaces, tools, glue from jar labels, contam-
inated tubes, and components of railway locomotives [94, 100]. 

  
(a) (b) 

Figure 6: One half of a lettuce is cleaned with cold water, and the other half is cleaned with the 
same cold water to which bubbles and ultrasound have been added using the StarStream technol-

ogy (for video see [101]). 
 
Some targets, of course, can only be cleaned with cold water and, preferably, with no detergents 

or biocide added. Figure 6 shows the removal of soil from lettuce using StarStream (for video see 
[101]). This might at first sight seem a straight, non-medical illustration for AMR, an example of 
cleaning from the food retail sector. However AMR is a multidisciplinary issue, and opening up a 
new food retail link between two countries will open up a route to spread drug resistance across 
continents, making it an issue for food scientists, transportation scientists, microbe detectors, cleaning 
and refrigeration engineers, economists and lawyers. AMR is spreading (Fig. 7) and in 15 years what 
we see now as usually mild gastric upsets from food poisoning, will be fatalities. This makes it, in 
addition, an issue for social scientists studying handwashing, and sewage engineers, and of course 
makes the effect of AMR on the food retail sector (and vice versa) a healthcare issue.  

Furthermore, we must look beyond our first world solutions to AMR, because the spread of AMR 
(Fig. 7) means that measures to mitigate against its development and spread must be effective for the 
billions of people worldwide, and their livestock. Much of the world does not have adequate access 
to clean water, and a given low/middle income country (LMIC) might see inadequate access to drugs 
in rural areas, and yet over-the-counter access to inappropriate antibiotics in other areas [102]. 

Here too, UAS might have a role to play. A healthcare worker in a rural LMIC (or an army medic, 
or mountain rescue or catastrophe zone worker) might carry a limited amount of drinking water, but 
appreciate having the ability (when the need arises) to pass his/her remaining drinking water reserves 
through a battery-powered StarStream nozzle in order to clean a wound for a few minutes [94]. Bat-
tlefield and catastrophe zone wounds can be extremely hazardous, and sepsis can set before the victim 
arrives at hospital. Cleaning the wound first can reduce that hazard, a procedure equally important 
for rural clinics (including maternity services) [103]. 
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(a) (b) 

Figure 7: The distribution of E. Coli resistant to cephalosporins in (a) 2009 and (b) 2013 [104]. 

7. Conclusions 
The interaction of bubbles with acoustic fields provides a route by which fundamental research, 

covering physics, engineering, zoology, biophysics and biomedicine can be conducted and translated 
through to benefit society. 

A key opportunity for bubble acoustics is in cold water cleaning, and its potential to address AMR. 
Unless preventative measures are found (and no-one in the world currently knows what those will 
be), AMR will (through the colloquial ‘rise of superbugs’) by 2050 be killing more people than can-
cer, and cost the world economy more than the current size of the global economy. We will not be 
able to feed the world unless we wean our food production industry off its dependence on antibiotics; 
common medical procedures (minor surgery, childbirth) will become significantly more hazardous; 
and advances in treatments (such as those for childhood leukaemia) will become reversed. 

To offset this doom, the benefits for finding these preventative measures now would revolutionise 
current healthcare and food production, and in these too bubble acoustics might have a role to play. 

8. Appendix  
A performance test of a new cleaning technology is insufficient to assess its practicality. The re-

quirement for operator training must be taken into account. In this UAS fares well, as the prototype 
was not difficult to operate, and did not require extensive training. Running costs are also an issue, 
and so an estimate was made of resource usage, and compared to that of a commercial washer-disin-
fector, which can wash up to 500 instruments in the decontamination cycle given in Table 1. Table 2 
compares resource requirements of the UAS system used in the paper, and the commercial washer-
disinfector system, to clean 500 instruments. It must be stressed that both were paper exercises. 

The UAS system saves energy (primarily because it does not have to heat the water), and uses no 
additives. The saving on water shown in Table 2 is marked with an asterisk to indicate that it needs 
to be treated with caution. The Mark I StarStream was designed to be portable, and usually (as here) 
operates by recycling the water. That is to say, water spilling from the item to be cleaned is caught in 
a tray and pumped back through the device, so that the system only uses 1.5 litres of water. Whilst an 
attractive feature for some uses (e.g. reducing the amount of contaminated run-off that must be dis-
posed of, or operating in a catastrophe where water is scarce), it is unappealing to clean in this way. 
If the device were to have been continually fed with fresh water, it would have consumed 375 litres 
of water, 74% more than the washer-disinfector. 

Table 2 shows that, in this like-for-like comparison, the Mark I StarStream was three time slower 
than the washer disinfector. A like-for-like comparison sets up for the optimum conditions of the 
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washer-disinfector, and a sequentially-washing UAS system would not be intended to replace a bulk-
washing system like this. However the results suggest that the incorporation of a pre-wash immedi-
ately after instrument use is not impractical in terms of resource usage.  

One estimate (Table 1) gives limited information, and therefore a second paper exercise was con-
ducted to compare the use of the UAS system used in this paper with another bulk-washing system, 
the use of a modern ultrasonic cleaning bath intended for cleaning dental instruments (and equipped 
with an automated system to ensure the bath is used properly, e.g. by locking the bath for the duration 
of a full wash and issuing a record of the wash). Table 3 gives data for the resource usage by Hygea 
2. Detergent is added at start up. When loaded to maximum capacity it washes 45 instruments per 
cycle. The Hygea 2 uses two 50 W ultrasonic transducers, so there is 100 W power usage for ultra-
sonics, plus more for heating (data taken from Hygea 2 Instruction Manual & ECN product database). 

 

Table 1: Usage of power and water in the state-of-the-art washer-disinfector, showing that: Total energy used 
heating water = 49.2 MJ; Total water used = 216 litres; Max time (not including drying) = 85 mins. Data 

from [105].  

Stage Water Description Time (mins) 
[max from 

cycle descrip-
tion] 

Temperature 
(°C) [mid- 

value from cy-
cle description] 

Water con-
sumption (li-

tres) [106] 

Energy (MJ) to heat 
water, assuming 7.3°C 
for water from the cold 

tap [107]. 
Pre-wash Cold water 15 Max 21 °C 36 2.0 
Enzyme Hot tap water + enzyme 15 65 °C 36 8.7 

Wash Hot tap water + detergent 15 65 °C 36 8.7 
Neutralise Hot tap water + neutraliser 15 65 °C 36 8.7 

Rinse Hot tap water 15 65 °C 36 8.7 
Thermal rinse Hot pure water 10 90 °C 36 12.4 
Table 2: Because the washer-disinfector of Table 1 cleans 500 instruments at a time, a side-by-side compari-
son is done between the resource needed for that, and the resource needed to clean 500 instruments one after 

another, spending 30 s on each instrument, using the UAS system described in this paper. See text re *. 

Row Device Energy (MJ) Additives Water (litres) Time taken (s) ߙ Washer-disinfector 49.2 enzyme, detergent 
& neutraliser 

 Mark I StarStream 1.5 none 1.5 * 15,000 ߚ 5100 216
% difference ߙ − ߙߚ × 100% -97% -100% -99% * +294% 

Table 3: The resource usage of the Hygea 2 ultrasonic cleaning bath (Ultrawave Ltd.). 

Stage Water Description Time (mins) 
[max from 

cycle descrip-
tion] 

Temperature 
(°C) [mid-

value from cy-
cle description] 

Water con-
sumption 

(litres) [106] 

Energy to heat water and power 
ultrasound (kJ) [assuming 7.3°C 

for water from the cold tap [107]]. 

Wash Hot tap water + detergent 10 25 °C 8 653 
Rinse Tap water 2 At tap 1 0 
Table 4: Because the washer-disinfector of Table 1 cleans 500 instruments at a time, a side-by-side compari-
son is done between the resource needed for that, and the resource needed to clean 500 instruments one after 

another, spending 30 s on each instrument, using the UAS system described in this paper. See text re *. 

Row Device Energy (kJ) Additives Water (litres) Time taken (s) ߙ Hygea 2 653 detergent 9 810 ߚ Mark I StarStream 135 none 1.5 * 1350 
% difference ߙ − ߙߚ × 100% -79% -100% -83% * +166% 
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Since a fully loaded Hygea 2 washes 45 instruments, Table 4 compares the resource it takes with 
that which would be used if the UAS system mentioned in this paper were used to clean 45 instru-
ments one after another, spending 30 s on each one. 

As before, the UAS system used saves 100% on additives and uses only 21% of the energy used 
by the Hygea 2. The saving in water must be taken in the context that this paper’s UAS system was 
used in recycling mode, and if it had been connected to a supply of clean water it would have con-
sumed around 34 litres, nearly 4 times as much as the Hygea 2. Again, as before, the UAS system is 
nearly twice as slow, because the Mark I StarStream can only clean items sequentially and it is being 
compared to a bulk cleaner operating in its optimal conditions.  

Clearly therefore if advantage is to be taken of the opportunities (cold water, low training require-
ments, little resource equipment, low space footprint, no additive requirement) that UAS systems 
potentially offer, it is likely to be in the pre-wash or rinse immediately after use, where the instruments 
are treated one at a time.  
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