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In therapeutic applications such as sonoporation, inertial cavitation is commonly considered as the main candidate inducing 
membrane poration. Thus, characterizing inertial cavitation, as related to bubble size distribution and medium history, is of 
great importance. When applying successive ultrasonic shots for increasing acoustic intensities, the inertial cavitation level 
sharply increases around the inertial cavitation threshold. The curve of the inertial cavitation level versus acoustic intensity is 
different when decreasing the acoustic intensity: the threshold obtained is lower. This effect, characterized by the area of the 
hysteresis loop, and attributed to the change in bubble size distribution, is studied experimentally and numerically. In our 
experiments, the hysteresis effect is observed on the inertial cavitation level but also on the amplitude of harmonics or ultra-
harmonics of the fundamental frequency. Numerically, the main mechanisms responsible for this hysteresis were identified as 
rectified diffusion and fragmentation during acoustic excitation, and dissolution and rising bubbles when acoustic excitation is 
off. Starting from a given bubble size distribution, the change in bubble size distribution is obtained for increasing and 
decreasing acoustic intensity. The hysteresis of inertial cavitation (quantified by bubbles collapse energy) and its dependence 
on time off show qualitative agreement with experimental results.  

1 Introduction 
Acoustic cavitation is often the common 

denominator of a wide range of therapeutic applications 
using biomedical acoustics [1]. It consists of the nucleation 
of gas or vapour bubbles in a liquid, and of their oscillations 
under pressure waves. There are two kinds of cavitation 
activity: stable cavitation, which is the linear and non-linear 
radial oscillation of bubbles; and inertial cavitation, which is 
the violent collapse of bubbles [2]. This first kind of 
cavitation is characterized by the apparition of the sub-
harmonic of the fundamental frequency in the spectrum and 
the second one by the elevation of the broadband noise. It is 
inertial cavitation which appears to play an import role in 
some therapeutic ultrasound applications as sonoporation 
[3,4]. In [5], the evolution of the inertial cavitation level 
versus acoustic intensity is very variable, and especially for 
medium acoustic intensities. Indeed for intensities lower than 
0.2 and higher than 1.2 W/cm², the standard deviation of the 
inertial cavitation level is less important. This large surface 
of inertial cavitation level possibilities suggests a hysteresis 
effect between the inertial cavitation level and the acoustic 
intensity. In [6] a huge difference in acoustic spectra, for 
increasing and decreasing intensity, with regards to their 
history, has been observed. But their experimental 
observations did not allow to conclude on significant 
hysteresis effect. In this study, we focus on the hysteresis 
effect noticed on inertial cavitation. The observed hysteretic 
curve is studied experimentally before a numerical 
investigation by modelling the main mechanisms involved in 
this effect.

2 Experimental investigation 

2.1 Experimental setup 
A plane piezoelectric transducer (frequency 501 

kHz, diameter 20 mm) is immerged in a degassed water bath 
(20 L tank, O2 rate in water between 2.3 and 3.7 mg/L). The 
transducer is located such as its acoustic axis is vertical and 
covered by 14 mm of water above its surface (Figure 1). The 
transducer, electrically matched to 50 Ω, generates a 
continuous sinusoidal wave provided by a function generator 
(HP 33120 A), successively amplified by a variable gain 
amplifier (AD 603) and a power amplifier (50 dB, 200 W, 
Adece). The electrical power delivered by the generator is 
ranged between -12 and 9 dBm, which correspond to acoustic 
intensities between 0.1 and 12.8 W/cm². 
The sonicated media is composed by 2 mL of degased water 
at ambient temperature placed in a well of a culture plate in 

polystyrene (12 wells, diameter 20 mm, BD sciences). The 
sonicated well is located above the transducer and its height 
is adjusted so that the liquid surface corresponds to a node of 
the stationary wave field of the irradiated medium.
A home-made hydrophone (cutting frequency 10 MHz) 
realized with a PVDF film (diameter 10 mm) molded in resin 
(AY 103, Araldite) is located in the vicinity of the transducer. 
It allows listening the cavitation noise in the exposed 
medium. The received signal is amplified (20 dB, NF 
Electronic Instrument® BX31), digitized (acquisition card 
PXI-5620, 14 bit resolution, 32 MHz sampling frequency, 
National Instrument®), transferred to a computer and 
analyzed by Labview® software. 

Figure 1: Experimental setup 

Figure 2: Example of instantaneous acoustic spectrum 
induced by a fixed intensity of 2.7 W/cm² and the reference 
noise which is subtracted to provide the inertial cavitation 

level. 

The inertial cavitation level is determined by the subtraction 
of the non-referenced inertial cavitation level and the 
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reference noise. The non-referenced inertial cavitation level 
is defined as the average level of an instantaneous spectrum 
in dB within the range of 0.1 to 7.1 MHz. Before sonication, 
the reference noise is measured as the mean value of the 
inertial cavitation obtained when the excitation signal is off. 
An example of such spectra is shown in Figure 2. 

2.2 Experimental results 
Measurements of the inertial cavitation level are 

performed for increasing acoustic intensity and decreasing 
acoustic intensity for the same medium. The protocol of shots 
consists of successive ultrasonic excitations separated by 
times off. Each shot lasts 5 seconds and corresponds to a 
fixed acoustic intensity. When acoustic intensity increases, 
the inertial cavitation level sharply increases around the 
inertial cavitation threshold (Figure 3) around 2 W/cm². 
When acoustic intensity decreases, there is still inertial 
cavitation for acoustic intensities lower than the inertial 
acoustic threshold (for increasing intensities). The hysteresis 
effect is also observed for the harmonics and ultra-harmonics 
of the fundamental frequency. It is shown for the third 
harmonic of the fundamental frequency on Figure 4. 

Figure 3: Example of experimental result for the inertial 
cavitation level evolution as a function of acoustic intensity, 

for increasing and decreasing intensity. 

Figure 4: Example of experimental evolution of the third 
harmonic amplitude as a function of acoustic intensity, for 

increasing and decreasing intensity. 

3 Numerical investigation 
Figure 3 and 4 indicate a similar dependency with the applied 
acoustic intensity for both inertial cavitation and harmonics’
amplitude, pointing out a hysteresis effect. This effect, 
observed simultaneously on the inertial cavitation level (and 
thus related to collapsing bubbles that experience after 
fragmentation) and harmonics’ amplitude (related to bubble 
oscillation, rectified diffusion during the ultrasound shot), 
suggests that the cavitation activity is highly dependent on 
the evolution of the whole bubble distribution inside the 
medium. In the following, this hysteretic effect is studied 
numerically by investigating the modification of the bubble 
distribution during an ultrasound protocol similar to the 
experimental one.

3.1 Numerical model 
According to the experimental results, bubbles in 

both stable and inertial cavitation play a role in the hysteretic 
effect. For chosen bubble radius and applied acoustic 
pressure, stable or inertial cavitation is expected, depending 
on the inertial cavitation threshold that spares these two 
cavitation regimes. This threshold is obtained by solving the 
Rayleigh-Plesset equation, assuming polytropic behavior of 
gas and neglecting thermal and acoustic dissipation [2]:
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 ���� ��� ,      (1) 

where �� and �� are the pressure and temperature far from 
the bubble, �� is the vapor pressure, � the polytropic 
exponent,   and ! the liquid density and viscosity,	�# the 
gas pressure defined by �# � �� $ ������ � 2&/�( with &
the surface tension. The cavitation threshold is defined as the 
intensity for which the bubble wall velocity exceeds the 
sound velocity in the surrounding liquid, effect which is 
generally identified as an indicator of inertial cavitation. This 
equation is computed for a sinusoidal acoustic perturbation 
)��*� at the experimental acoustic frequency and for 
pressures ranged between 0.1 to 100 bars. The evolution of 
the maximum velocity attained by the bubble wall is shown 
in Figure 5. Two regions of intensity clearly appear 
depending on the applied acoustic pressure: a linear / quasi-
linear region for low pressure amplitudes separated from a 
strongly nonlinear region for higher amplitude by a sudden 
increase in the maximum velocity. 

Figure 5: Evolution of the maximum velocity attained by the 
bubble for initial conditions (�(,	)�(). Initial bubble radius 
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ranges from 0.5 μm to 150 μm and acoustic pressure from 0.1 
to 100 bars.  

For a given acoustic pressure, a bubble depending of its 
initial radius, could be in the stable cavitation zone and so 
undergo rectified diffusion or be in the inertial cavitation 
zone and collapse and be fragmented in several daughter 
bubbles. During the time off between excitations, two 
mechanisms are applied on bubbles: dissolution and rising 
bubbles. These mechanisms are modelled and applied to 
bubble distributions. At the beginning, an initial bubble 
distribution for the medium before excitation is extrapolated 
from [7]. Bubble radius is ranged between 3 and 102 μm. For 
a chosen acoustic pressure, a chosen time of excitation and a 
chosen time off between two shots, the rectified diffusion or 
fragmentation is applied to the initial bubble distribution 
(Figure 6), depending on the status of bubbles according to 
the cavitation threshold. A new bubbles distribution is 
obtained. This process could be repeated several times during 
the acoustic excitation. At the end of the excitation time, a 
bubble distribution after excitation is found. Then, the time of 
dissolution is compared to the time off chosen. The 
distribution evolves by cancelling bubbles that need less than 
the time off to dissolve or to rise. Dissolution is applied to the 
remaining bubbles and a bubble distribution after time off is 
obtained. This third distribution becomes the initial 
distribution of another acoustic excitation for the next 
acoustic pressure. Numerical results presented later in 
sections 3.3 and 3.4 are obtained for 11 successive 
excitations, with increasing and decreasing acoustic intensity 
between 0.17 and 16.9 W/cm², 1 loop of rectified diffusion / 
fragmentation, a 5 second time of excitation and a 0.1 second 
time off between 2 acoustic excitations.  

Figure 6: Organization chart of the programme. 

3.2 Models of mechanisms 

a. Rectified diffusion 
During the acoustic excitation, dissolved gas in the medium 
are moved in the vicinity of bubbles thanks to the energy of 
the acoustical wave. There is a dissymmetry between gas 
diffusion inside the bubble during the expansion of the cavity 
and gas diffusion outside during the contraction of the cavity. 
The gas diffusion inside the bubble is more important than 

the diffusion outside, so bubbles grow. There are different 
models of rectified diffusion on a single oscillating bubble in 
an acoustic field. We choose a model describing the 
evolution of the equilibrium radius [8]:  
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where ? is the gas diffusion coefficient, �( is the bubble 
radii at the equilibrium, @ is the surface tension, AB is the 
hydrostatic pressure, CD	et CE are respectively the initial and 
saturated dissolved gas concentration in the liquid. The 
parameter F6 and all time average terms are given in [8]. 

b. Fragmentation 
When a bubble moved above the inertial cavitation threshold, 
it collapses violently, sometimes in less than an acoustical 
period, in several smaller bubbles. The phenomenon of 
bubble fragmentation is still misunderstood, and the 
knowledge of the number of daughter bubbles is an open 
question [9,10,11]. Because the fragmentation is a random 
process, the number of daughter bubbles is determined as a 
random number ranged between 2 and 50. 

c. Dissolution 
When the acoustic excitation is turned off, bubbles begin to 
dissolve. They need to equilibrate their intern gas pressure 
with the term 2σ/R depending on the surface tension. The 
time of bubbles dissolution depends on the dissolved gas 
concentration in the medium, and is calculated with the 
Epstein-Plesset equation [12]:  

+�
+� � 79,


� 0
78
79 $ 1 $ �2

�345 0
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where, CD	et CE are respectively the initial and saturated 
dissolved gas concentration in the liquid, ? is the gas 
diffusion coefficient, I is the acceleration of gravity,  # is 
the gas density, @ is the surface tension, AB is the hydrostatic 
pressure and � is the instantaneous bubble radius. 

d. Rising bubbles 
At the beginning of the time off, bubbles are in equilibrium. 
Two main forces brought on the bubble are taken into 
account: the drag force, which is brought downward, and the 
buoyancy force, which is upward. To determine these forces 
and because the liquid studied is a low viscosity one, a 
simplified bubble model is chosen. The bubble is viewed as 
an empty non oscillating sphere and the drag force associated 
is written as [13]: 

J+KL# � $MNO�P,                             (4)               
 where μ , is the dynamic viscosity and P, the bubble velocity. 
The buoyancy force could be written as, 

	JQRSTLU7T � �H
� I� # $  V���,                  (5) 

where I is the acceleration of gravity,  V and  # are 
respectively the liquid and gas density and � is the 
instantaneous bubble radius. 
When J+KL# . JQRSTLU7T , bubble rise. For a given time off, 
bubbles with equilibrium radius greater than �7KD �
W ��	B
#X
��
YZ�[\\ are not present in the medium anymore.               

For more accuracy and especially for bubbles whose radius is 
smaller than the critical radius, the dissolution phenomenon 
is taken into account in the rising time.  
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3.3 Bubble distribution evolution 
The evolution of the inertial cavitation level depends on the 
evolution of bubble distribution in time. These distributions 
are observed for increasing and decreasing intensity and for 
chosen times off. We are expecting that the radius for which 
the number of bubbles is the most important is the resonant 
radius. This resonant radius is acoustic frequency (]) 
dependent and can be approximated in water by the Minneart 
equation, � � ^=] [2]. We can see that when the intensity 
changes, the distribution of the collapsing bubbles stay 
around  the same radius after a certain time (Figure 7) and is 
greater for the radius class containing the resonant radius, 6 
μm. When the intensity increases, the number of bubbles 
increases too. At the same intensity, the distribution shape is 
quite the same when increasing or decreasing intensity, but 
the number of bubbles is greater while decreasing intensity, 
which suggests a more important inertial cavitation level. 

Figure 7: Distribution of collapsing bubbles for successive 
shots for increasing and decreasing acoustic intensity 
between 0.17 and 16.9 W/cm², for a 5 second time of 

excitation, 1 loop of excitation and a 0.1 second time off. 
Upper left: 0.68 W/cm² (increasing intensity), upper right: 
4.23 W/cm² (increasing intensity), lower left: 8.29 W/cm² 

(increasing intensity) and lower right: 4.23 W/cm² 
(decreasing intensity). 

3.4 First approach of numerical 
cavitation index 

The interpretation of the acoustic spectrum of a bubble cloud 
with bubbles interacting between them is still a hard 
challenge. In [14], numerical spectra of a bubble cloud 
composed of interacting monodisperse bubbles have been 
obtained using a modified Keller equation. This approach, 
using the quantification of the pressure of acoustic waves 
radiated from bubbles, could lead to the implementation of a 
numerical inertial cavitation index. As the distribution of all 
the collapsing bubbles is here taken into account, a first 
insight of a numerical inertial cavitation level is found as the 
energy of collapsing bubbles. This energy, according to [15] 
is proportional to the radiated energy of a single bubble: 

_7SVVL
E` � abc	_QRQQV` ,                        (6) 
with, 

	_QRQQV` � �H
� AB�dLe�,                         (7) 

where �� is the pressure far from the bubble,  AB is the 
hydrostatic pressure, �dLe is the radius at which the bubble 
will collapse. For each radius above the inertial cavitation 
threshold curve, the numerical inertial cavitation level is 
chosen as: 

				fgURd`KD7 � abc
<h
i 34�i

<h
i 34�j8ki

l,                    (8) 

where � is a radius of a bubble which collapse (a radius at 
which fragmentation is applied), l is the number of bubbles 
at the radius � and �dDU is the smaller radius used in this 
numeric simulation. It is used to normalize the numerical 
inertial cavitation level. Figure 8 shows an example of the 
evolution of the numerical inertial cavitation level, in 
logarithmic scale, for increasing and decreasing acoustic 
intensity. The hysteresis effect is observed and presents 
qualitatively the same behaviour compared to experimental 
results. Especially, the sharp increase of cavitation level is 
found around the inertial cavitation threshold, with an 
increase in inertial cavitation events when decreasing the 
applied acoustic intensity. This hysteresis curve in decreasing 
intensity joins the one obtained for increasing intensity at the 
same cavitation threshold (around 0.5 W/cm²) because of the 
definition of the inertial cavitation threshold curve presented 
in Figure 5.  

Figure 8: Example of result for the numerical inertial 
cavitation level as a function of acoustic intensity for 

increasing and decreasing intensity for a 5 second time of 
excitation, one loop of excitation and a 0.1 second time off.  

Figure 9: Evolution of the hysteresis area as a function of 
time off between excitations. It corresponds to 1 loop of 
excitation in the model and a 5 second time of excitation.  
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Considering the mechanisms involved in the hysteresis 
effect, particularly during time off (dissolution, rising of 
bubbles), the influence of time off between excitations is 
studied numerically by calculating the area of the hysteresis 
for different times off. An example of result is shown in 
Figure 9. Due to the possibility for more bubbles to disappear 
when increasing time off, the area of the hysteresis becomes 
smaller and even negative. The experimental validation of 
this result is currently in progress. 

4 Conclusion 
Measurements of the inertial cavitation level have been 
performed for increasing and decreasing intensity. A 
hysteresis effect has been found for the inertial cavitation 
level and the amplitude of harmonics and ultra-harmonics of 
the fundamental frequency versus the applied acoustic 
intensity. This effect is related to the evolution of the bubble 
distribution in the medium during the successive ultrasound 
irradiation when increasing and decreasing the acoustic 
intensity. The main mechanisms involved in the bubble 
distribution evolution have been numerically studied. These 
mechanisms are rectified diffusion and fragmentation during 
the acoustic excitation, and dissolution and rising bubble 
during the time off between two acoustic excitations. For an 
ultrasound protocol similar to the experimental one, bubble 
distribution evolves with a greater number of bubbles around 
the resonant radius. A first insight of the numerical inertial 
cavitation level was estimated as the energy of the collapsing 
bubbles for the whole bubble distribution. This numerical 
inertial cavitation level presents a hysteretic effect with a 
qualitative behaviour similar to the experimental results.  
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