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Cavitation bubble structures below a soft boundary in an ultrasonic field 
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A B S T R A C T   

We studied the layer structure of bubbles just below water/air and water/EPE (Expand aple poly ephylene) 
interfaces using high-speed photography. The layer structure was generated by floating spherical clusters, the 
source bubbles of which were identified to come from the attachment of bubble nuclei at the interface, the 
floating of bubbles in the bulk liquid, or bubbles generated on the surface of the ultrasonic transducer. The 
boundary shape affected the layer structure, which assumed a similar profile below the water/EPE interface. We 
developed a simplified model composed of a bubble column and bubble chain to describe interface impacts and 
the interaction of bubbles in a typical branching structure. We found that the resonant frequency of the bubbles is 
smaller than that of an isolated single bubble. Moreover, the primary acoustic field plays an important role in the 
generation of the structure. A higher acoustic frequency and pressure were found to shorten the distance between 
the structure and the interface. A hat-like layer structure of bubbles was more likely to exist in the low-frequency 
(28 and 40 kHz) intense inertial cavitation field, in which bubbles oscillate violently. By contrast, structures 
composed of discrete spherical clusters were more likely to form in the relatively weak cavitation field at 80 kHz, 
in which stable and inertial cavitation coexisted. The theoretical predictions were in good agreement with the 
experimental observations.   

1. Introduction 

Acoustic cavitation, the expansion and collapse of newly formed 
bubbles, which leads to localized hot spots and high pressure [1] is the 
dynamic source of sonochemistry. This is widely applied in ultrasonic 
cleaning [2], ultrasonic atomization [3], water treatment [4], and other 
fields. The dynamic behavior of cavitation bubbles plays a critical role in 
the utilization of cavitation energy. Therefore, fully understanding the 
dependence of bubbles on the acoustic field is of great significance. 

Bubbles are driven to translate and pulsate radially by ultrasound, 
and they can aggregate to form different structures, such as cone clus-
ters, streamers, and layer structures (e.g. jellyfish and starfish struc-
tures). Experimental observations have demonstrated that the 
morphology of the cavitation structure depends on the acoustic field and 
boundary conditions [5]. Just below the free surface of the cavitating 
water, a layer structure of bubbles can be observed in ultrasonic 
cleaners, which is composed of spherical clusters and multilevel 
branching chains [6]. Two theoretical approaches have been proposed 
to investigate the formation mechanism of the layer structure [7–13]. 
This first is the theory of the effective medium, which was introduced to 

explore acoustic propagation in a bubbly liquid, where the bubble 
concentration of the branching structure can be predicted using a one- 
dimensional model[7,8]. In the second approach, bubbles are treated 
as particles, the trajectories of which are simulated by calculating the 
Bjerknes force and the drag force on the bubbles[9–13]. The results of 
this approach have shown good agreement with experimental observa-
tions. Li [14] developed a theoretical model of the bubble chain to 
explain bubble transportation in an acoustic Lichtenberg figure by 
considering the effect of a bubble equivalent radius and acoustic field on 
the stability of the structure. 

The bubble behavior and the morphology of the bubble structure are 
significantly influenced by the properties of the boundary (in particular, 
whether it is soft or hard) [15–17]. When bubbles oscillate near hard 
(soft) boundaries, their resonant frequency might be lower (higher) than 
the Minnaert frequency of bubbles in an unbounded liquid[16,17]. The 
acoustic resonant response of bubbles is important for predicting 
nonlinear bubble–bubble interactions, which are closely related to the 
stability of the bubble structure [14]. When the acoustic pressure is low, 
bubbles are repelled from each other if the driving frequency lies be-
tween the respective resonant frequencies of the bubbles; otherwise, 
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they experience attraction [18]. However, the effect of soft boundaries 
on bubble behavior has not been considered in detail in previous studies, 
despite layer clusters being clearly observed near soft boundaries [5,6]. 
An appropriate theory needs to be established to explain these cavitation 
phenomena, which may help to understand the mechanisms that un-
derpin various applications of cavitation, such as ultrasonic therapy or 
ultrasonic extraction of herbs [19]. 

In this paper, we experimentally investigated the effect of acoustic 
intensity and frequency on the layer structures in tap water just below 
water/air and water/EPE (Expand aple poly ephylene) interfaces. We 
also developed a simplified theoretical model to describe bubble–bubble 
interactions and explain the hovering phenomenon of the layer structure 
of bubbles. The model explained the observed phenomena very well. 

2. Experimental observations 

A transparent tank (100 × 100 × 300 mm3) with a water depth of 
250 mm was placed in an ultrasonic cleaner (320 × 300 × 200 mm3) 
with frequencies of 28, 40, and 80 kHz. The maximum electric power of 
the baths was 360 W. The evolution of bubble clusters below the free 
surface of the tap water with many gas nuclei was observed in this tank 
using a high-speed camera (i-SPEED 726, iX Cameras Ltd. UK) at 20,000 
fps. Similarly, videos of the bubble structure below a piece of EPE (94 ×
94 × 25 mm3) partly immersed in the water were captured by the 
camera, with the bubble structure backlit by the illumination system 
(DannyU high power LED light), as shown in Fig. 1. 

Ultrasound with a frequency of 28 kHz was radiated from trans-
ducers mounted at the bottom of the ultrasonic cleaner and reflected on 
the free water surface, forming a standing wave in the water. When the 
machine was operated at 360 W, cavitation was excited and many 
bubbles were observed in the water. Bubbles aggregated into multi- 

shaped clusters, and many spherical bubble clusters appeared in the 
bulk liquid (Fig. 2(b)). Spherical clusters floated to a height of about 4 
mm below the water surface (Fig. 2(c)), and spread out by attracting 
surrounding bubble nuclei, which then formed a thin layer structure 
(Fig. 2(e)). The horizontal morphology of the layer structure is shown in 
Fig. 3(a). The bubbles moved along the branches towards the inner re-
gion of the structure, where they merged into large bubbles or spherical 
clusters. These newly generated large bubbles (clusters) rose up and 
collapsed below the free surface, which led to an upward water bulge. 
Because of the coupled interaction, a hat-like concave shape appeared in 
the middle of layer structure 1 in Fig. 2(f). Notably, more than one 
structure may appear at the same time. Fig. 2(f) presents the appearance 
of two separated small structures marked by ‘2′ and ‘3′ on either side of 
layer structure 1. These structures may have been generated by the 
inhomogeneous horizontal distribution of acoustic pressure, which may 
have led to the existence of more than one aggregation center [6]. In 
general, the layer structure observed by the naked eye was accompanied 
by several separated structures and had the appearance of a millipede. 
This was similar below EPE, as shown in Fig. 4. 

On the basis of the videos, we identified two mechanisms by which 
the layer structure of bubbles formed: (1) a rising spherical cluster 
suddenly expands at a certain height and then hovers at that height; and 
(2) the attached bubbles are ejected from the interface and rapidly 
translate in the bulk liquid, attracting bubble nuclei to form spherical 
clusters, which aggregate into a whole structure and evolve into a layer 
structure, as shown in Fig. 5. These phenomena were observed at both 
the air/water or EPE/water interface. The upper row displays a bubble 
with a radius ~ 34 μm moving away from the free surface (marked by 
the red circle in Fig. 5(a1)). The bubble first moved downward (Fig. 5 
(a2– a4)), and then rose to a height of about 4 mm below the interface 
(Fig. 5(a4–a6)). The red line represents the trajectory. Because the 

Fig. 1. Experimental setup.  

Fig. 2. Formation of a layer structure under the free water surface (Supplementary video 1; framerate of 1000 fps). The frequency was 28 kHz and the electric power 
was 360 W. The red arrows represent the direction of motion of the spherical bubble clusters. 
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surrounding bubble nuclei were attracted to this moving bubble, 
tadpole-like bubble aggregation could be observed (Fig. 5(a3)) [14]. 
Gradually, bubble clusters formed. Similar phenomena appeared in the 
water covered by the EPE (bottom row in Fig. 5). However, tadpole-like 
bubble aggregation occurred more quickly. We predicted that there 
were more bubble nuclei attached at the EPE surface [20]. Therefore, 

the aggregating behavior could be enhanced by the high density of the 
bubble nuclei. Moreover, more complex interactions were found be-
tween the new clusters, which affected their evolution and structure 
shape. Interestingly, the tailing bubbles of the tadpole-like structure 
could be quickly absorbed into the head cluster, thereby expanding the 
head cluster expanded (Fig. 5(b3, b4)). This large cluster acted as an 

Fig. 4. Formation of a bubble cluster under the EPE/water interface (Supplementary video 2). The frequency was 28 kHz and electric power was 360 W.  

Fig. 5. Formation of spherical bubble clusters (backlit): (a) under a free surface (Supplementary video 3) and (b) under an EPE/water interface (Supplementary video 
4 with a framerate of 25,000 fps). The frequency was 28 kHz and electric power was 360 W. The black object on the top side of the images is EPE. The red lines and 
arrows represent the trajectory of small bubbles or clusters. 

Fig. 3. Horizontal morphology of the layer bubble cluster (scattered light). The acoustic frequency was 28 kHz and the electric power was 360 W. Panel (b) is an 
enlarged picture of region of panel (a), which is marked by the dashed box. The yellow dashed arrows represent the path of motion of the bubbles. 
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attractor of bubbles, leading to the formation of group of bubble clusters 
((Fig. 5(b5, b6)). 

After a period of time, many bubbles accumulated below the EPE/ 
water interface and formed a layer structure (Fig. 6(a)). The shape of the 
structure was similar to that of the boundary (marked by the two nearly 
parallel curves in Fig. 6(a)). The surrounding gas nuclei accumulated 
into this structure, which resulted in an increase of the bubble concen-
tration followed by bubble coalescence. The rise of many coalescing 
bubbles toward the interface led to a relatively stable bubble concen-
tration in this structure. Because the acoustic frequency influences the 
cavitation threshold, fewer cavitation nuclei might be excited as the 
frequency increases. Comparing Fig. 4(d) and Fig. 6(b), the accumu-
lating bubble distribution at 80 kHz was similar to that during the initial 
stage of cavitation at 28 kHz. Because of the limited electrical power of 
the ultrasonic bath at 80 kHz (maximum power: 360 W), the cavitation 
intensity was insufficiently strong to obtain a whole structure similar to 
that formed at 28 kHz (Fig. 4(f)). The aggregation morphology and 
evolution of bubbles below the air/water and EPE/water interfaces were 
markedly different from those below a hard boundary, where the bub-
bles clusters rushed to and strongly impacted the surface, as shown in 
Appendix A. Therefore, the layer structure of bubbles only appears 
below a soft interface in the cavitation field. 

Comparison of Fig. 4(f) and Fig. 6 reveals that the depth of these 
structures (marked in Fig. 2(e) and Fig. 4(f)) is influenced by the fre-
quency. Because forming a layer structure below the free water surface 
at 80 kHz was difficult, the depth under the EPE/water interface was 
measured at 28, 40, and 80 kHz, as shown in Fig. 7(a). The depth 
decreased with increasing acoustic frequency. Higher frequency, shorter 
wavelength, which might be the cause of this phenomenon. Moreover, 
an increase in acoustic pressure led to a decrease in the depth of the 

cavitation structure at 28 kHz, as shown in Fig. 7(b). Therefore, we 
predicted that the acoustic pressure and frequency should have a syn-
ergistic effect on the evolution of the layer structure. The weighted 
average depth of the layer structure below the EPE/water interface 
(5.63 mm) was similar to that below the air/water interface (5.90 mm) 
at 28 kHz and 360 W; however, the lengths of the bars, which are 
representative of the vertical floating range of the structure, were not 
equal. The vertical fluctuation might be related to the interaction be-
tween the structure and the interface, which affects the distribution of 
the radiation field. Moreover, local deformation of the air/water inter-
face may lead to a repulsive effect within the structure, causing a hat- 
like shape to form. We can reasonably predict that high-intensity, 
high-frequency ultrasound generates a large number of cavitation bub-
bles near a soft interface to enhance the effects of cavitation [21]. 

The structure of the accumulated bubbles just below the air/water 
and EPE/water interfaces in the ultrasonic cavitation field was either a 
layer or spherical. Many structures may coexist at a given depth from the 
interface, which may coalesce or remain separate. The frequency and 
the acoustic intensity are the main parameters that affect the evolution 
of these clusters. However, the properties of the medium and the 
boundary characteristics also have important roles in the formation of 
these bubble structures. To understand the mechanisms by which these 
structures float stably below the interface in the cavitation field, we 
developed a simplified theoretical model, which is described in the next 
section. 

3. Theoretical analysis 

In the top-view pictures, a typical branching structure can be 
observed, in which each branch is the travel path of the bubbles. The 

Fig. 6. Bubble clusters below the EPE/water interface at (a) 40 kHz (Supplementary video 5) and (b) 80 kHz (Supplementary video 6). The input electric power was 
360 W. The solid and dashed yellow curves represent the profile of the interface and layer structures. The black object on the top side of the images is EPE. 

Fig. 7. (a) Effect of acoustic frequency on the depth of the 
structure below the EPE/water interface at 360 W. (b) Effects 
of input electric power on the depth of the layer structure 
below the air/water interface at 28 kHz. The layer structure 
cannot be observed if the electric power is<252 W. The depths 
are marked in Fig. 2(e) and Fig. 4(f). The bars and blue (red) 
circles indicate the vertical floating range of the structure and 
weighted-average statistical values, respectively. The weight of 
statistic is defined by ratio of the number of frames with a 
given depth to the total number of frames.   
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interactions among bubbles along the outer branches of the layer 
structure were analyzed in our previous study [6]. In this section, we 
isolated a local branch inside the structure (marked by a dashed circle in 
Fig. 8(a)), and introduced a model (Fig. 8(b)) to explore the bub-
ble–bubble interactions, and explain how these structures hover stably 
below a soft interface. The bubbles may follow different paths into an 
inner branch, as shown in Fig. 3(b), which results in greater bubble 
concentration in this kind of branch than in outer branches. Therefore, 
for simplicity, branches S1 and S2 were modeled as a column and straight 
chain of bubbles, respectively. We supposed that all bubbles of uniform 
radius oscillate in a coupled state in the column, and that the chain-like 
bubble nuclei (S2) in the surrounding liquid were attracted to the col-
umn (S1), as shown in Fig. 8(b) [22–24]. 

We assumed that the equilibrium radius of the bubbles was Ri0 and 
that their oscillations were synchronous in Si (i = 1, 2). We chose two 
representative bubbles from the column and the chain, and simplified 
them as a bubble pair to analyze the interaction between the column and 
the chain. The structure hovers at a certain distance from the interface 
(e.g., the air/water or EPE/water interface). The primary acoustic field 
and secondary radiation field generated by the bubbles are affected by 
the properties of the interface, such as diffusion, reflection, and ab-
sorption. In general, the mirror-image principle can be used to treat this 
type of problem [17], whereby the dynamic interactions of the local 
bubble column and surrounding bubble nuclei are reduced to a four- 
bubble system, as shown in Fig. 8(c). 

If we ignore the effect of bubble coalesce on the length of the column, 
the dynamic equations for the motion of the column boundary S1, and 
bubble i (i = 1, 2) are given by[22–25] 

(
XẌ + Ẋ2
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Ṙ1

c

⎞

⎠R1R̈1 +
3
2
α2

⎛

⎝1 −
Ṙ1
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where Ri (i = 1,2) is the instantaneous radius of bubble i; X and xc are the 
instantaneous and critical radius of S1; ρ and c are the density and sound 
speed of liquid; β is the volume fraction of gas; δr = 1/n1/3

1 is the 
coupling distance of bubbles inside S1 with a bubble number density, 
n1;α1 =

(
1 + 2πR1n1δ2

r
)
; α2 =

(
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r
)

[20]; and Pc is the 
liquid pressure. The last term in Eq. (3) is the sum of the secondary 
radiation pressure from the other bubbles inside S2 on bubble 2; N2 is the 
bubble number; and the coupling coefficient can be defined by S22 =
∑N2 − 1

k=1
ρ

kd2 
[27], where d2 is the distance between two adjacent bubbles in 

S2. If we suppose that the liquid inside S1 is uncompressible, one has 
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where N1 is the total number of bubbles in S1. The pressure PBj and Plj are 
given by 

PBi =

(

P∞ +
2σ
Ri0

)(
Ri0

Ri

)3γ

−
2σ
Ri

−
4ηṘi
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where σ and η are the surface tension coefficient and liquid viscosity, 
and P∞ is the ambient pressure at infinity. The pressure perturbation, Psi, 
related to the primary and secondary acoustic wave on the surface of 
bubble i (i = 1, 2) can be expressed as [17] 
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where the first two terms denote the pressure function of the incident 
and reflected wave (P0 and P′

0), the other items represent the secondary 
radiation. Pa is the acoustic pressure; f is the frequency; d12 is the dis-
tance between two real bubbles; d is the distance from the two bubbles to 
the interface; CR is the acoustic reflection coefficient at the interface; and 
the coupling coefficients SCR and S12 are given by SCR =
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The vertical component of the translational motion of bubble i is 
determined by the acting forces (e.g., the buoyancy force (Fbi), primary 
Bjerknes force (FBpi), and z-components, FBsiz, of the secondary Bjerknes 
force, FBsi (i = 1,2)). These forces are given by[17,27] 
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(7)  

where Vi is the volume of bubble i; g is the gravitational acceleration; 
FBsiy (FBsiz) is the y(z)-component of the secondary Bjerknes force, FBsi; 
〈 〉T denotes a time average over one acoustic period; and e→y and e→z are 
the unit vectors in the y and z-directions, respectively. 

Fig. 8. (a) Top-view picture of the layer structure. (b) Simplified model of the 
local branch of the layer structure. (c) Schematic illustration of bubble in-
teractions near the interface. 
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3.1. Linear approximation 

The linear prediction agrees well with the experimental results when 
the sound field is weak [26]. For a small driving pressure amplitude, Ri 
= Ri0(1 + ri), (i = 1,2), with ri ≪ 1. Combining this with Eqs. (1)–(4), the 
linear approximation of the equations can be obtained as 
⎧
⎨

⎩

r̈1 + 2b1 ṙ1 + ω2
01r1 + H12 r̈2 = Pae− Iωt/A1

r̈2 + 2b2 ṙ2 + ω2
02r2 + H21 r̈1 = Pae− Iωt/A2

(8)  

where I =
̅̅̅̅̅̅̅
− 1

√
, bi is a damping factor, ω0i is the resonant frequency of 

bubble i, and Ai is the effective mass. This yields 
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2η
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10,
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20 +(S22 + SCR)R3

20, (i = 1, 2). (9) 

Fig. 9 presents a comparison of the resonant frequency and damping 
factor for bubble 1, bubble 2, and a single bubble in the unbounded 
liquid. The calculations were performed with the following parameters: 
η = 0.001 kg/(m s), σ = 0.0725 N/m, ρ = 998 kg/m3, c = 1500 m/ 
s,P∞ = 101 kPa, and γ = 1.4. On the basis of the experimental results, 
we deemed it reasonable to set xc = 0.4 mm, X0 = d12 = d2 = 0.2 mm, h1 

= 2 mm, n1 =
(
5 × 10− 6/R10

)3n0, and n0 = 1012m− 3, d = 5 mm, and N2 
= 10. In all three cases, the resonant frequency and damping factor 
decrease with increasing bubble radius. Owing to the coupled effect 
[28], slightly lower values of the two parameters were obtained for the 
bubbles in the structures. The coupled strength affects the resonant 
properties, and the effective mass, Ai, is reduced by a soft boundary, 
where SCRR3

i0 < 0. However, according to our estimation, 
⃒
⃒SCRR3

i0

⃒
⃒ is at 

least two orders of magnitude lower than the other terms. Notably, the 
resonant frequencies of the two bubbles are equal at 22.2 μm, which 
means that the bubbles of the structure and the chain might be in a state 
of synchronous resonance. 

Assuming that the solution of Eq. (8) has the following form 

ri = riaeIωt (10)  

where ria is the complex amplitude, ω = 2πf , one obtains 
{
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Fig. 9. Comparison of the resonance frequency and damping factor for bubbles close to a soft boundary (CR = − 1).  

f

R
a/R

R a
R a

f

Fig. 10. Frequency response of bubbles near the soft boundary when R10 = R20 = 10 μm: (a) radial displacement amplitude, (b) phase difference, Δθ= ±π
2 are marked 

by black dotted lines. The subplots show the variation curves in the range of 270–350 kHz. 
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where Ria is the radial displacement amplitude of the bubble, and θi is 
the initial phase. As detailed in Appendix B, the direction of the sec-
ondary Bjerknes force between the two bubbles is determined by the 
phase difference, Δθ = θ1 − θ2. If − π

2 < Δθ < π
2, this force is negative and 

the two bubbles experience a mutually attractive force; otherwise they 
experience repulsion. 

The relationship between the displacement amplitude (phase dif-
ference) and acoustic frequency is presented in Figs. 10 and 11 by setting 

Fig. 11. Frequency response of bubbles near the soft boundary when R10 = R20 = 22.2 μm: (a) radial displacement amplitude, (b) phase difference, Δθ= ±π
2 are 

marked by black dotted lines. The subplots show the variation curves in the range of 100–150 kHz. 

Fig. 12. Effects of bubble radius and distance between layer structure and the interface on the vertical component of the net force of bubble 1 for different acoustic 
frequencies and pressure amplitudes: (a) 28 kHz, 100 kPa, (b) 40 kHz, 100 kPa, (c) 80 kHz,100 kPa, (d) 28 kHz,150 kPa, (e) 40 kHz,150 kPa, (f) 80 kHz,150 kPa. Zero 
net force is marked by the black dotted curve in each map. 
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R10 = R20 = 10 μm and R10 = R20 = 22.2 μm, respectively. The other 
parameters used were as follows: Pa = 105 Pa and d = 0.11λ (where λ is 
the acoustic wavelength in water)[6]. It can be seen that there are 

resonant peaks on the frequency–response curves. Although both bub-
bles have the same radius, the peak frequencies differ; therefore, bubbles 
in the column and chain have different resonance-response properties. 

Fig. 13. Effects of bubble radius and distance between layer structure and the interface on the vertical component of the net force of bubble 2 for different acoustic 
frequencies and pressure amplitudes: (a) 28 kHz, 100 kPa, (b) 40 kHz, 100 kPa, (c) 80 kHz,100 kPa, (d) 28 kHz,150 kPa, (e) 40 kHz,150 kPa, (f) 80 kHz,150 kPa. Zero 
net force is marked by the black dotted curve in each map. 

d

F

FBp
FBs z
Fb
FBp

d

F

FBp
FBs z
Fb
FBp

Fig. 14. Forces in the z-direction acting on bubble 1 for R10 = R20 = 10 μm, a frequency of 28 kHz and driving pressures of (a) 100 kPa and (b) 150 kPa. The green 
background represents a net force < 0, whereby bubbles are repulsed from the interface, the blue background represents a net force > 0, whereby bubbles are 
attracted to the interface. 
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For the case of R10 = R20 = 10 μm, the two peak frequencies are about 
301.6 and 325.9 kHz (Fig. 10(a)), while the critical frequencies with the 
phase difference is equal to π

2 is about 307.1 kHz and 329.9 kHz, 
respectively (Fig. 10(b)). When the acoustic frequency is between the 
critical frequencies, the two bubbles repel each other, which might 
result in a destruction of the layer structure. For the case of 

R10 = R20 = 22.2 μm, the peak frequencies are almost the same (Fig. 9 
(a)), and the phase difference is much less than π

2 over the entire calcu-
lated frequency range (Fig. 11(b)); therefore, the bubbles attract each 
other. Therefore, bubble columns are more likely to attract bubbles of 
similar size in a low-frequency cavitation field. 

f

R
/R

f

R
/R

f

R
/R

f

R
/R

f

R
/R

f

R
/R

Fig. 15. Bifurcation diagrams of the normalized radius as a function of frequency for R10 = R20 = 10 μm and different incident sound pressure amplitudes: (a,b) 50 
kPa, (c,d) 100 kPa, and (e,f) 150 kPa. Left column: bubble 1, right column: bubble 2. The calculated frequency range is 20–1000 kHz. 
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3.2. Numerical analysis 

The bubble structures were observed to translate in a defined layer in 
the water (Fig. 7) below the air/water and EPE/water interfaces, which 
indicates that the forces acting on the bubbles within the clusters were 
balanced in the vertical direction. Buoyancy and Bjerknes forces play 
important roles in the motions of bubbles. Maps of the vertical net force on 
bubbles 1 and 2 are shown in Figs. 12 and 13, where the influence of dis-
tance to the interface and bubble radius are considered by setting R10 =

R20. The maximum net force is located in the region where the bubble 
radius is>20 μm, and a repulsive net force is obtained when the distance is 

shorter than that marked by the dotted curve. Therefore, there is a repul-
sive region below the interface, which might be crucial for the formation of 
the hovering bubble structure. Figs. 12 and 13 show that the repulsive area 
shrinks with increasing acoustic frequency because the maximum radii and 
distance of the repulsive region decrease. If we increase the pressure 
amplitude, the critical distance at which the forces are balanced may be 
reduced. The results are in good agreement with the experimental mea-
surements (Fig. 7). The dotted curve is far less smooth for the bubble inside 
the chain (bubble 2) and contains many peaks. Moreover, some bubbles 
hovered at different distances, similar to the cases exhibited in Fig. 2(f) and 
Fig. 4(f), where a hat-like structure was observed. 

Pa

R
/R

Pa

R
/R

Pa

R
/R

Pa

R
/R

Pa

R
/R

Pa

R
/R

Fig. 16. Bifurcation diagrams of the normalized radius as a function of incident sound pressure amplitude for R10 = R20 = 10 μm and different frequencies: (a,b) 40 
kHz, (c,d) 300 kHz, and (e,f) 500 kHz. Left column: bubble 1; right column: bubble 2. The calculated pressure range is 50–500 kPa. 
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To analyze the contribution of the forces on the hovering status of the 
structure, we simulated the effects of the distance on buoyancy, and on 
the primary and secondary Bjerknes forces, as shown in Fig. 14. In 
general, the primary Bjerknes force is greater than the other two forces. 
However, the buoyancy and secondary Bjerknes forces increase with 
distance, whereas the primary force decreases after the distance exceeds 
a certain value (about 8 mm at 28 kHz and 100 kPa, Fig. 14(a)); hence, a 
critical state (marked by the vertical dashed line) can be achieved. 
Therefore, the hovering phenomenon is related to the enhancement of 
the secondary radiation. When the pressure increases to 150 kPa at 28 
kHz, the critical distance shifts to the left owing to the reversal of the 
primary Bjerknes force, as shown in Fig. 14(b). Therefore, the primary 
force distinctly affects the hovering position of the structure. 

The hovering depth of the structure and the bubble motions are 
strongly affected by the acoustic frequency and pressure, and the shape 
evolution of the structure may depend on the coupled strength of bub-
bles. In addition, the coupling behavior can enhance the dynamic 
nonlinearity of the bubbles [29]. Fig. 15 presents the bifurcation dia-
grams of dimensionless bubble radius as a function of frequency at dif-
ference acoustics pressures (50, 100, and 150 kPa). Because of the 
coupled effect, the oscillations of the bubbles are suppressed [30], and 
the suppression on bubble 1 in the column is stronger. From Fig. 15(a, 
b), the resonant frequencies of bubbles 1 and 2 are estimated as 295 and 
227 kHz, respectively, which are lower than the linear values (Fig. 10). 
For an acoustic pressure of 50 kPa, many harmonic resonant peaks on 
the curves can be observed, especially at frequencies below 100 kHz. At 
pressures above 100 kPa, bubble oscillations are enhanced, resulting in a 
chaotic response, especially for bubbles outside the column. Neverthe-
less, bubbles in the column have a strong synergistic influence on the 
surrounding bubbles or gas nuclei; therefore, bubbles outside the col-
umn are attracted and merge. 

The chaotic oscillations of bubbles can be excited by high-intensity 
ultrasound, and it is difficult to accurately predict and control bubble 
behavior[31–33]. Fig. 16 shows the bubble bifurcation plots for fre-
quencies of 40, 300, and 500 kHz. The chaotic patterns of the two 
bubbles are different, and the behavior of bubble 2 is more complex. 
Because of the strong interaction between the bubbles, their plots have 
similar bifurcation points and chaotic pressure ranges. At 40 kHz, the 
bubble alternates between simple periodic and chaotic states when the 
pressure is below 200 kPa, and simple periodic motion is observed in the 
range of 242–327 kPa (Fig. 16(a)). However, at 300 kHz (500 kHz), this 
motion only occurs at pressures lower than ~ 123 kPa (~137 kPa) 
(Fig. 16(c, e)). Therefore, when bubbles are driven by low-frequency 
ultrasound, large amplitude nonlinear pulsations are easily excited, 

which may lead to a strong collapse. Under these conditions, inertial 
cavitation should be the primary mode of cavitation. If the driving fre-
quency is higher 100 kHz, the primary mode is more likely to be stable 
bubble pulsation [34], although high driving pressures may decrease the 
stability and results in a chaotic bubble response. Therefore, we predict 
that hat-like layer structures of bubbles exist in intense cavitation fields 
where bubbles oscillate violently. At 80 kHz, cavitation is relatively 
weak, and nonlinear stability might play a role in the formation of the 
layer structure. Because the oscillation amplitude of bubbles is relatively 
small, the synergistic influence of the bubble clusters is weak, making it 
more difficult to form a large hat-like structure. 

4. Conclusion and discussion 

We investigated the bubble structures just beneath the air/water and 
EPE/water interface experimentally. The formation and evolution of the 
layer structure were similar for the two interfaces. The layer structures 
were generated by the upward floating of spherical clusters, which grew 
from a source bubble and attracted other bubbles. The source bubbles 
had three possible origins: attached bubble nuclei at the interface, 
floating bubbles in the bulk liquid, and bubbles at the surface of the 
ultrasonic transducer. The structure of the accumulated layer of bubbles 
was affected by the boundary shape, and acquired a similar profile to the 
interface. The frequency also affected the morphology of the structures, 
with a hat-like structure observed at 28 and 40 kHz, and a layer structure 
consisting of discrete bubble clusters observed at 80 kHz. The top-view 
images showed that bubbles accumulated in a typical branch structure. 

A branching model was developed to simulate the bubble in-
teractions. We found that the primary sound field plays an important 
role in the generation of the structure. A higher acoustic frequency and 
pressure could lead to a decrease in the distance between the structure 
and the interface. A hat-like layer structure of bubbles is more likely to 
exist in an intense cavitation field where bubbles oscillate violently, 
whereas a layer structures with discrete spherical clusters is more likely 
to exist in a relatively weak cavitation field, where stable and inertial 
cavitation coexist. The theoretical predictions agreed well with the 
experimental observations; therefore, this simplified model could be 
used to simulate the interaction between bubbles in the layer structure 
and surrounding bubble nuclei. Our theoretical analysis reveals that the 
cavitation intensity is closely related to the aggregation morphology of 
bubbles. 

Fig. A1. Evolution of bubble clusters below the glass (Supplementary video 7, side view). The frequency was 28 kHz and electric power was 360 W. The red arrows 
represent the direction of motion of the bubble clusters. Evolution of bubble cluster was similar below the bottom of beaker (Supplementary video 8, side view, the 
video height approx. 18.3 mm). There is no water inside the beaker. 
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Appendix A:. Behaviors of bubbles below glass/water interface 

The bubble clusters below flat glass (40 × 40 × 5 mm3, density of 2.5 × 103 kg/m3) were captured by a high-speed camera at 20,000 fps; the 
experimental setup was described in Ref. [6]. The acoustic velocity in the glass is about 4,000 m/s, and the acoustic reflection coefficient at the glass/ 
water interface is about 0.74. Fig. A1 shows that a spherical bubble cluster (cluster 3 in Fig. A1(a)) floated to the water/glass interface, which was 
different from the hovering phenomenon observed under the soft boundary. Then, the cluster evolved into a hemispherical cluster, and finally merged 
along the water/glass interface into cluster 1 under the free water surface on the left side of each image. To facilitate observation, we used a beaker 
instead of the flat glass to observe the evolution of the bubble clusters, as shown in Fig. A2. The upward floating spherical bubble clusters did not 
collapse completely when they collided with the bottom of the beaker, but formed a hemispherical cluster that moved along the bottom surface. 
Increasingly more clusters formed in a row (Fig. A2(d)), leading to the formation of a streamer, as shown in Fig. A2(e). 

Fig. A2. Evolution of bubble clusters below the bottom of a beaker (Supplementary video 9, top view). The frequency was 28 kHz and electric power was 360 W. 
There is no water inside the beaker. The bubble clusters are marked by ‘1′, ‘2′ and ‘3′. The red arrows represent the direction of motion of the clusters. The yellow 
dashed line represents the boundary of the bubble streamer. 
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Appendix B 

The instantaneous radius of bubble i predicted by linear theory (Eq. (10)) can be expressed as 

Ri = Ri0 +Re
(
Ri0RiaeI(ωt+θi)

)
= Ri0 +Ri0Riacos(ωt + θi), (B1)  

where Re denotes the real part of the formula. The y-component of the secondary Bjerknes force on bubble 1 (Eq. (7)) can be transformed as follows: 

FBs1y = 16π2R2
1R2

2

(
ρ

4πd2
12
+

ρd12

2π
(
d2

12 + d2
)3/2

)
〈

Ṙ1Ṙ2

〉

T
. (B2) 

The sign of FBs1y is determined by 
〈

Ṙ1Ṙ2

〉

T
. If
〈

Ṙ1Ṙ2

〉

T 
> 0, FBs1y> 0 and the two bubbles attract each other. Substituting Eq. (A1) into 

〈

Ṙ1Ṙ2

〉

T 
yields 
〈

Ṙ1Ṙ2

〉

T
= R10R1aR20R2a

∫ T

0
sin(ωt + θ1)sin(ωt + θ2)dt = R10R1aR20R2acosΔθ

∫ T− θ2/ω

θ2/ω
sin2(ωt)dt (B3)  

where all terms are positive except for cosΔθ. If − π
2 < Δθ < π

2, cosΔθ > 0, and the force is attractive; whereas − π < Δθ < − π
2 or π2 < Δθ < π, cosΔθ< 0, 

and the force is repulsive. 

Appendix C. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ultsonch.2023.106500. 
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