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 A B S T R A C T

Non-contact bubble manipulation with acoustical tweezers has shown significant potential in the field of 
ultrasound-driven controlled drug delivery and subdiffraction imaging. While these works are implemented 
recently by experiments, the numerical modeling of the acoustic radiation force (ARF) on a bubble in the real 
biological environment has not yet been well developed. In this work, we establish the theoretical calculation 
model for the bubble selective manipulation across the layered mediums of real biological environment and 
compute it by the derived across-medium ARF calculation method based on the angular spectrum method 
(ASM). With the consideration of the multiple biological mediums, the value of the axial ARF decreases by 
two to three times. In this context, this work establishes quantitative models for the ARF acting on a bubble 
and presents a single-beam three-dimensional (3D) trapping strategy based on focused vortex beams. These 
results offer practical guidance for designing acoustic fields that enable non-contact bubble manipulation both 
in vitro and in vivo applications.
1. Introduction

Bubbles, as attractive particles in nature, are widely used in di-
verse fields such as biomedical science [1–5], ultrasound and sub-
diffraction imaging [6–10], and materials science [9,11–13]. Given the 
inherent instability of bubble position and size [14], the non-contact 
manipulation of bubbles is of great importance.

Based on different physical principles, non-contact manipulation 
techniques can be categorized into optical tweezers [15,16], magnetic 
tweezers [17], and acoustic tweezers [18,19], etc. Optical tweezers 
offer high manipulation precision. However, the use of high intensity 
lasers can cause thermal damage to particles [20,21], posing bio-safety 
risks. Magnetic tweezers require target particles to be magnetic; other-
wise, magnetic pre-labeling is necessary. These limit their application in 
biological environments. In contrast, acoustic tweezers exhibit high bio-
compatibility and have been extensively investigated in the biomedical 
field for applications such as cell manipulation, sorting, and patterning. 
Compared to optical tweezers, acoustic tweezers can generate strong 
forces at lower power levels and are capable of penetrating complex, 
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absorptive mediums like biological tissues. Conventional standing-wave 
acoustic tweezers lack selective manipulation capability due to the 
presence of multiple equilibrium positions (i.e., nodes and antinodes). 
In contrast, single-beam acoustic tweezers, which create a highly lo-
calized acoustic field at the focus, are a natural candidate for 3D 
selective manipulation. Currently, single-beam acoustic tweezers based 
on focused acoustic vortices have been successfully employed for the 
selective manipulation of particles such as cells [22,23] and microbub-
bles [24]. Nevertheless, manipulating the bubble with the acoustic 
tweezer still presents considerable challenges when across the layered 
mediums. In the real biological environment, the multilayered mediums 
including many heterogeneous tissues will weaken and disrupt the 
acoustic field behind by transmission, refraction and attenuation [25], 
which may change the trapping ARF characteristics including its am-
plitude and direction in the acoustic tweezer, and directly impact the 
control efficiency. Owing to the complexity of the beam propagation 
across the real multilayered mediums, to date, only some simplified ex-
periment work about the trapping bubble across the real tissue medium 
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has been conducted. For example, based on the experiment method 
and equipment in the free water, Diego Baresch and Valeria Garbin 
carried out the trapping bubble experiment across the tissue mimicking 
material like the tofu, and found a measurable decrease in the trapping 
force axial ARF consistent with the acoustic properties of the tofu [24]. 
Moreover, the trapping microbubble experiment within the circulation 
in vivo was conducted, but only two-dimensional (2D) trap with the 
lateral ARF was implemented [4]. The numerical modeling of the 
ARF on a bubble in the real biological environment has not yet been 
well developed, which is demanded more extensively and efficiently 
as the reference to the biomedicine experiment and application about 
non-contact bubble manipulation.

In this paper, we establish the theoretical calculation model for 
the bubble selective manipulation across the layered mediums of real 
biological environment which refers to the real multilayered mediums 
applied to the pancreas treatment simulations by the high focused 
ultrasound [26] and study the effect of the layered mediums for ARF, 
especially axial ARF on the bubble when considering the multiple 
biological mediums like skin, fat and muscle, quantitatively. By means 
of the trapping calculation for the constructed model using the derived 
ASM-based ARF calculation method across the layered mediums and 
comparative analysis with the unified model, we theoretically demon-
strate that (i) under the condition of incident focused vortex beam, 
a similarly single-beam 3D selective acoustic tweezer across the real 
biological multilayered mediums can be created in the model, which 
traps the bubble nearly at the axial trap equilibrium position and that 
(ii) the real biological multilayer mediums can generate great impact 
on the ARF and the value of the axial trapping ARF on bubble will 
be attenuated by two to three times under the same incident pressure. 
This conclusion has importantly referenceable significance for the non-
contact bubble manipulation in the real biological environment and 
guides the design of the acoustic field for this technology’s in vitro or 
in vivo applications.

The paper is organized into four parts. Section 2 briefly describes 
the acoustic field and ARF calculation formulas based on the ASM 
and then, derives the ASM-based ARF calculation method across the 
layered mediums. Sections 3.1 and 3.2 introduce three scenarios about 
the layered mediums and demonstrate the ASM-based ARF calculation 
method across the tofu, respectively. The unified numerical model for 
the trapping calculation on the bubble is established in Section 4.1. 
Meanwhile, the model across tofu is constructed in Section 4.2. Finally, 
in Section 5, the detailed model in the real biological environment 
corresponding to the second and third scenarios are specified.

2. Acoustic radiation force

The momentum exchange in the scattering process of the incident 
wave with the particle will cause the ARF acting on the particle [27]. 
For the theoretical study of the ARF, it can date back to the early work 
of acoustic radiation pressure and force acting on a spherical particle 
in an acoustic field in inviscid fluids [28,29]. With the development of 
ARF calculation theory and acoustic transducers [30–33], it has become 
a hotspot to employ ARF to selectively manipulate the particle [34]. 
The basic principle is to create the ARF as the 3D restoring force on the 
particle in the radiated acoustic field. For the specific target particle, 
the bubble has large buoyancy in fluid without apparent mass [35]. In 
order to manipulate the bubble, it is essential to balance the buoyancy 
of the bubble by the vertical component of the ARF. Meanwhile, 
the transverse component of the ARF, as a restoring force, traps the 
bubble [24].

In this paper, we need to achieve the non-contact bubble manipu-
lation across the layered mediums in the real biological environment. 
According to the origin of ARF, the start point is to analyze the total 
acoustic field including the scattered and incident acoustic field around 
the bubble. For the arbitrary incident beam, the decomposition method 
2 
is often used to compute its scattering with the bubble, which decom-
poses the incident beam into the elementary waves whose scattering 
with bubble is known such as the spherical wave in the multipole 
expansion method (MEM) and plane wave with different propagation 
direction in the ASM [24,30,36]. And, the equivalence between MEM 
and ASM in ARF calculation has been demonstrated [37]. Because the 
plane wave is computed easily and the ASM fits the analysis for the 
acoustic field radiated by the planar transducer [22], we choose the 
ASM to calculate the 3D ARF for the required incident beam with bub-
ble in the required environment by our homemade Matlab code [38], 
which is supplemented with the layered mediums’ analysis. The entire 
ASM-based ARF calculation in this paper aims at trapping a spherical 
bubble in the unified fluid or real biological layered mediums. The 
background fluid containing the bubble is assumed as the homogeneous 
medium when the elementary plane wave in the ASM propagates and 
the process of ARF calculation is regarded as the steady state in the 
adiabatic condition, which means that the bubble is a static fluid 
scatterer. 

2.1. ARF on the bubble in unified and undamped fluid

Here, we briefly review the ASM-based ARF formulas on the bubble 
in a free and ideal fluid space. Following the ASM [30,36], the incident 
field 𝑝𝑖(𝑥, 𝑦, 0) in the source plane (𝑧 = 0) can be decomposed into 
a superposition of plane waves with different propagation directions 
by applying a 2D fast Fourier transform (FFT) from the spatial to 
the wavenumber domain. It will yield the angular spectrum 𝑆(𝑘𝑥, 𝑘𝑦)
distribution in the source plane, which characterizes the amplitudes of 
every elementary plane wave component. The specific expression is as 
follows: 

𝑆
(

𝑘𝑥, 𝑘𝑦
)

= ∫

+∞

−∞ ∫

+∞

−∞
𝑝𝑖(𝑥, 𝑦, 0)𝑒

−𝑖𝑘𝑥𝑥−𝑖𝑘𝑦𝑦𝑑𝑥𝑑𝑦 (1)

where, 𝑘𝑥 and 𝑘𝑦 are the 𝑥, 𝑦 component of each elementary wave 
vector 𝐤 for the source plane field, respectively. When the incident 
beam in the source plane propagates along the 𝑧 axis, the angular 
spectrum 𝑆(𝑘𝑥, 𝑘𝑦)𝑧=0 of each elementary plane wave will multiply by 
the corresponding plane-wave propagation factor 𝑒𝑖𝑘𝑧𝑧 in 𝑧 direction at 
a 𝑧 value. Then, we will obtain the 𝑆(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧 in any one 𝑥𝑦 target 
plane along the 𝑧 axis. It can be transformed into the 2D pressure 
distribution in corresponding plane through the inverse fast Fourier 
transform (IFFT), which is the final result about the incident acoustic 
field in free space. Thereinto, 𝑘𝑧 and 𝑘 satisfy the relationship 𝑘𝑧 =
√

𝑘2 − 𝑘2𝑥 − 𝑘2𝑦. Then, in order to analyze the scattering of spherical 
bubbles, the spherical coordinate system (𝑟, 𝜃, 𝜑) is selected to expand 
the incident acoustic field into spherical harmonics combining with 
the Legendre addition theorem to have a suitable form for scattering 
solving [30]. The concrete expanding form of incident acoustic field is 
as follows

𝑝𝑖 =
1
𝜋

∞
∑

𝑛=0
𝑖𝑛𝑗𝑛(𝑘𝑟)

𝑛
∑

𝑚=−𝑛
𝑌𝑛𝑚(𝜃, 𝜑)

×∬𝑘2𝑥+𝑘2𝑦≤𝑘2
𝑑𝑘𝑥𝑑𝑘𝑦𝑆

(

𝑘𝑥, 𝑘𝑦
)

𝑌 ∗
𝑛𝑚

(

𝜃𝑘, 𝜑𝑘
)

(2)

where 𝑗𝑛(𝑘𝑟) is the spherical Bessel function of the first kind. And the 
incident angle 𝜃𝑘 and azimuth 𝜑𝑘 of each elementary wave can be 
calculated by cos 𝜃𝑘 =

√

1 − (𝑘2𝑥 + 𝑘2𝑦)∕𝑘2 and 𝜑𝑘 = arctan(𝑘𝑦∕𝑘𝑥), re-
spectively. Symbol * represents conjugation. Moreover, the expression 
of the spherical harmonics 𝑌𝑛𝑚(𝜃, 𝜑) is 

𝑌𝑛𝑚(𝜃, 𝜑) =

√

(2𝑛 + 1)
4𝜋

(𝑛 − 𝑚)!
(𝑛 + 𝑚)!

𝑃𝑚
𝑛 (cos 𝜃)𝑒𝑖𝑚𝜑 (3)

Here, 𝑃𝑚(cos 𝜃) is the associated Legendre function.
𝑛
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According to the known result of the bubble scattering problem with 
the plane wave, the corresponding scattering acoustic field also can be 
obtained and is

𝑝𝑠 =
1
𝜋

∞
∑

𝑛=0
𝑖𝑛𝑐𝑛ℎ

(1)
𝑛 (𝑘𝑟)

𝑛
∑

𝑚=−𝑛
𝑌𝑛𝑚(𝜃, 𝜑)

×∬𝑘2𝑥+𝑘2𝑦≤𝑘2
𝑑𝑘𝑥𝑑𝑘𝑦𝑆

(

𝑘𝑥, 𝑘𝑦
)

𝑌 ∗
𝑛𝑚

(

𝜃𝑘, 𝜑𝑘
)

(4)

where ℎ(1)𝑛 (𝑘𝑟) is the spherical Hankel function of the first kind and 𝑐𝑛 is 
scattering coefficient of the bubble with the incident plane wave, which 
is given as [39] 

𝑐𝑛 = −
𝜌1𝑘𝑗𝑛(𝑘1𝑎)𝑗′𝑛(𝑘𝑎) − 𝑘1𝜌0𝑗′𝑛(𝑘1𝑎)𝑗𝑛(𝑘𝑎)

𝜌1𝑘𝑗𝑛(𝑘1𝑎)ℎ
(1)′
𝑛 (𝑘𝑎) − 𝜌0𝑘1𝑗′𝑛(𝑘1𝑎)ℎ

(1)
𝑛 (𝑘𝑎)

(5)

where 𝑎 is the radius of the target bubble, and 𝑘 and 𝜌0 are the 
wavenumber and density of the fluid medium around the bubble, 
respectively. Moreover, 𝑘1 and 𝜌1 are wavenumber and density of the 
air in the bubble, respectively. In the Eqs. (2) and (4), ASM-based beam 
shape coefficient 𝐻𝑛𝑚 is introduced. It gives 

𝐻𝑛𝑚 = ∬𝑘2𝑥+𝑘2𝑦≤𝑘2
𝑑𝑘𝑥𝑑𝑘𝑦𝑆

(

𝑘𝑥, 𝑘𝑦
)

𝑌 ∗
𝑛𝑚

(

𝜃𝑘, 𝜑𝑘
)

(6)

From the Eq. (6), we can find that the 𝐻𝑛𝑚 can be determined only 
by the incident beam. Combining with the incident field and scattered 
field, the total acoustic field 𝑝 = 𝑝𝑖 + 𝑝𝑠 can also be obtained.

As described above, when the total acoustic field including the 
scattered and incident acoustic field around the bubble in the free 
space is acquired, the ARF exerted on the bubble has been determined. 
Combining with far-field approximation value of 𝑝 and the particle 
vibration velocity 𝒗 = ∇(𝑝∕(𝑖𝑘𝑐𝜌)) around the bubble, the final results 
for the 3D ARF on bubble in the total acoustic field is shown as 
follows [30]

𝐹𝑥 = 1
8𝜋2𝜌𝑐2𝑘2

Re

×

{ ∞
∑

𝑛=0
𝛹𝑛

𝑛
∑

𝑚=−𝑛
𝐴𝑛𝑚

(

𝐻𝑛𝑚𝐻
∗
𝑛+1,𝑚+1 −𝐻𝑛,−𝑚𝐻

∗
𝑛+1,−𝑚−1

)

}

(7)

𝐹𝑦 =
1

8𝜋2𝜌𝑐2𝑘2
Im

×

{ ∞
∑

𝑛=0
𝛹𝑛

𝑛
∑

𝑚=−𝑛
𝐴𝑛𝑚

(

𝐻𝑛𝑚𝐻
∗
𝑛+1,𝑚+1 +𝐻𝑛,−𝑚𝐻

∗
𝑛+1,−𝑚−1

)

}

(8)

𝐹𝑧 = − 1
4𝜋2𝜌𝑐2𝑘2

Re

{ ∞
∑

𝑛=0
𝛹𝑛

𝑛
∑

𝑚=−𝑛
𝐵𝑛𝑚𝐻𝑛𝑚𝐻

∗
𝑛+1,𝑚

}

(9)

where 𝜌 and 𝑐 are density and velocity of fluid medium around the 
bubble, respectively. And 𝛹𝑛 includes the scatter information between 
the incident field and the bubble, which is described as 
𝛹𝑛 = (1 + 2𝑐𝑛)(1 + 2𝑐∗𝑛+1) − 1 (10)

Moreover, 𝐴𝑛𝑚 =
√

(𝑛 + 𝑚 + 1)(𝑛 + 𝑚 + 1)∕(2𝑛 + 1)(2𝑛 + 3) and 𝐵𝑛𝑚 =
√

(𝑛 + 𝑚 + 1)(𝑛 − 𝑚 + 1)∕(2𝑛 + 1)(2𝑛 + 3).

2.2. ARF on the bubble across the layered mediums

According to the ARF calculation formula in the free space described 
above, it is essential to obtain the ASM-based beam shape coefficient 
𝐻𝑛𝑚 and scattering coefficient 𝑐𝑛 for getting the ARF on the bubble. 
The 𝐻𝑛𝑚 can be determined only by the incident beam. When the 
incident beam propagates through the layered mediums, the acoustic 
field around the bubble will be altered by transmission, refraction 
and attenuation [24,25], which will cause the variation of 𝐻𝑛𝑚. To 
be specific, from the calculation Eq. (6) of 𝐻𝑛𝑚, it is evident to find 
that 𝑆(𝑘 , 𝑘 ) in the wavenumber domain plane is affected by the 
𝑥 𝑦

3 
transmission and attenuation of the layered mediums and the spherical 
harmonics 𝑌𝑛𝑚(𝜃𝑘, 𝜑𝑘) is changed by the refraction-caused variation of 
the incident angle for every elementary plane wave. Here, we will 
suppose a scenario conforming to our requirement to derive the change 
of 𝐻𝑛𝑚 by the layered mediums. Firstly, the pressure distribution of the 
source plane (𝑧 = 0) is still supposed to be 𝑝𝑖(𝑥, 𝑦, 0) and the layered 
mediums in the fluid will be assumed to be one material layer with 
the specific loss factor 𝛼 and thickness 𝑑, which has the infinite xy 
dimension and separates the fluid into upper and lower two layers. 
Then, the incident beam radiated by the source plane in the upper 
fluid propagates through the layered mediums along with the 𝑧 axis 
and scatters with the bubble behind the material layer.

As the calculation step described in Section 2.1, the incident beam in 
source plane will be decomposed into superposition of the elementary 
plane wave and get every corresponding angular spectrum 𝑆(𝑘𝑥, 𝑘𝑦) by 
the 2D Fourier transform. When the incident beam propagates along 𝑧
axis and approaches the material layer, 𝑆(𝑘𝑥, 𝑘𝑦)|𝑧=0 is multiplied by 
the corresponding plane-wave propagation factor 𝑒𝑖𝑘𝑧𝑧 in 𝑧 direction 
at a 𝑧 value. Then, 𝑆(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧𝑠  outside the upper plane surface of the 
material layer can be obtained, which is described as 𝑆(𝑘𝑥, 𝑘𝑦)|𝑧=0𝑒𝑖𝑘𝑧𝑧𝑠 . 
Owing to the transmission at this fluid-material interface, 𝑆′(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧𝑠
inside the upper plane surface of the material layer can be acquired as
𝑆′(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧𝑠 = 𝑆(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧𝑠 × 𝑡1(𝜃𝑘) (11)

Here, 𝑡1(𝜃𝑘) is the pressure transmission coefficient for different inci-
dent angle 𝜃𝑘 of every elementary plane wave from fluid to material 
layer. Meanwhile, the incident angle for every elementary plane wave 
in the material layer is changed to 𝜃′𝑘, which is given as 

𝜃′𝑘 = arcsin(sin(𝜃𝑘)∕𝑛1) (12)

This formula is governed by the Snell law [40] and 𝑛1 is the ratio of the 
velocity for fluid and material layer. Based on these incident angles, 
the acoustic field inside the material layer continues to propagate in 
the material layer. Owing to the loss in the material layer, the wave 
vector 𝒌′ = (𝑘′𝑥, 𝑘

′
𝑦, 𝑘

′
𝑧) will become 𝒌′ + 𝑖𝜶 = (𝑘′𝑥 + 𝑖𝛼𝑥, 𝑘′𝑦 + 𝑖𝛼𝑦, 𝑘′𝑧 +

𝑖𝛼𝑧) and 𝑆′(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧𝑠  is multiplied by the corresponding plane-wave 
propagation factor 𝑒𝑖(𝑘′𝑧+𝑖𝛼𝑧)(𝑧−𝑧𝑠) in 𝑧 direction at a 𝑧 value. However, 
the 𝑥𝑦 displacement component of every elementary plane wave will 
also generate the attenuation when the whole acoustic field propagates 
along the 𝑧 axis and can be considered by 𝜃′𝑘 and 𝜑𝑘 relationship with 
the displacement along 𝑧. The concrete angular spectrum of any 𝑥𝑦
plane in the material layer can be expressed as 
𝑆′(𝑘′𝑥, 𝑘

′
𝑦)|𝑧=𝑧 = 𝑆′(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧𝑠 × 𝑒𝑖𝑘

′
𝑧(𝑧−𝑧𝑠) × 𝑒−𝛼𝑥𝑥1−𝛼𝑦𝑦1−𝛼𝑧𝑧1 (13)

From here, 𝛼𝑥 = 𝛼 sin(𝜃′𝑘) cos(𝜑𝑘), 𝛼𝑦 = 𝛼 sin(𝜃′𝑘) sin(𝜑𝑘) and 𝛼𝑧 = 𝛼 cos(𝜃′𝑘)
are the 𝑥, 𝑦, 𝑧 component of 𝛼 in the material layer for every elementary 
plane wave. 𝑧1 = 𝑧 − 𝑧𝑠 and 𝑥1 is the propagation distance of every 
elementary plane wave in 𝑥 direction, which can be calculated as 
𝑥1 = 𝑧1 tan(𝜃′𝑘) cos(𝜑𝑘). Meanwhile, 𝑦1 is the propagation distance in 
𝑦 direction and is equal to 𝑧1 tan(𝜃′𝑘) sin(𝜑𝑘). Following this propagation 
model, the angular spectrum 𝑆′(𝑘′𝑥, 𝑘

′
𝑦)|𝑧=𝑧𝑑  inside the lower plane 

surface of the material layer can be obtained as
𝑆′(𝑘′𝑥, 𝑘

′
𝑦)|𝑧=𝑧𝑑 = 𝑆′(𝑘𝑥, 𝑘𝑦)|𝑧=𝑧𝑠 × 𝑒𝑖𝑘

′
𝑧𝑑

× 𝑒−𝛼𝑥 tan(𝜃
′
𝑘) cos(𝜑𝑘)𝑑−𝛼𝑦 tan(𝜃′𝑘) sin(𝜑𝑘)𝑑−𝛼𝑧𝑑 (14)

In a similar way, 𝑆′′(𝑘′𝑥, 𝑘
′
𝑦)|𝑧=𝑧𝑑  outside the lower plane surface of the 

material layer can be obtained by the pressure transmission coefficient 
𝑡2(𝜃′𝑘) from material layer to fluid, so 

𝑆′′(𝑘′𝑥, 𝑘
′
𝑦)|𝑧=𝑧𝑑 = 𝑆′(𝑘′𝑥, 𝑘

′
𝑦)|𝑧=𝑧𝑑 × 𝑡2(𝜃′𝑘) (15)

Upon re-entering the fluid, the incident angle for every elementary 
plane wave is changed to 𝜃𝑘 and the angular spectrum
𝑆′′(𝑘𝑥, 𝑘𝑦)|𝑥=𝑥0 ,𝑦=𝑦0 ,𝑧=𝑧0  of the target plane center on the bubble
(𝑥0, 𝑦0, 𝑧0) in the lower fluid can be gained as 
𝑆′′(𝑘 , 𝑘 )| = 𝑆′′(𝑘′ , 𝑘′ )| × 𝑒𝑖(𝑘𝑥𝑥0+𝑘𝑦𝑦0+𝑘𝑧(𝑧0−𝑧𝑑 )) (16)
𝑥 𝑦 𝑥=𝑥0 ,𝑦=𝑦0 ,𝑧=𝑧0 𝑥 𝑦 𝑧=𝑧𝑑
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If the lower fluid is added with the specific loss factor 𝛼1, the angular 
spectrum 𝑆′′(𝑘𝑥, 𝑘𝑦)|𝑥=𝑥0 ,𝑦=𝑦0 ,𝑧=𝑧0  can be modified as
𝑆′′(𝑘𝑥, 𝑘𝑦)|𝑥=𝑥0 ,𝑦=𝑦0 ,𝑧=𝑧0 = 𝑆′′(𝑘′𝑥, 𝑘

′
𝑦)|𝑧=𝑧𝑑

× 𝑒𝑖(𝑘1𝑥𝑥0+𝑘1𝑦𝑦0+𝑘1𝑧(𝑧0−𝑧𝑑 )) × 𝑒−𝛼1𝑥(𝑧0−𝑧𝑑 ) tan(𝜃𝑘) cos(𝜑𝑘)−𝛼1𝑦(𝑧0−𝑧𝑑 ) tan(𝜃𝑘) sin(𝜑𝑘)

(17)

where 𝑘1𝑥, 𝑘1𝑦 and 𝑘1𝑧 is equal to 𝑘𝑥 + 𝑖𝛼1𝑥, 𝑘𝑦 + 𝑖𝛼1𝑦 and 𝑘𝑧 + 𝑖𝛼1𝑧, 
respectively. And, 𝛼1𝑥 = 𝛼1 sin(𝜃𝑘) cos(𝜑𝑘), 𝛼1𝑦 = 𝛼1 sin(𝜃𝑘) sin(𝜑𝑘) and 
𝛼1𝑧 = 𝛼1 cos(𝜃𝑘) are the 𝑥𝑦𝑧 component of 𝛼1 for every elementary plane 
wave. Finally, based on the angular spectrum in the target plane, we 
can gain the precise ASM-based beam shape coefficient 𝐻𝑛𝑚 affected 
by this layered mediums, which is 

𝐻𝑛𝑚 = ∬𝑘2𝑥+𝑘2𝑦≤𝑘2
𝑑𝑘𝑥𝑑𝑘𝑦𝑆

′′(𝑘𝑥, 𝑘𝑦)|𝑥=𝑥0 ,𝑦=𝑦0 ,𝑧=𝑧0𝑌
∗
𝑛𝑚

(

𝜃𝑘, 𝜑𝑘
)

(18)

The scattering coefficient 𝑐𝑛 for the bubble is calculated by Eq. (5) 
and this 𝐻𝑛𝑚 can be directly put into the ARF component calculation 
Eq. (7), Eqs. (8) and (9). Then, the precise 3D ARF calculation result 
on the bubble in this scenario can be obtained.

In this section, we derived the Eq. (18) for 𝐻𝑛𝑚 across the one 
material layer with the specific loss factor and thickness in fluid. Anal-
ogously, if we repeat the step which is to get the angular spectrum and 
refraction angle of every elementary plane wave across the interface 
and the reduction for the angular spectrum under the effect of specific 
loss factor in the material and fluid, 𝐻𝑛𝑚 across the arbitrary layered 
mediums with loss factor can also be acquired precisely. Subsequently, 
combining with the scattering coefficient 𝑐𝑛 obtained by the Eq. (5), the 
final result of ARF on the bubble across corresponding layered mediums 
can be worked out.

3. Layered mediums with typical biological parameters

3.1. Typical biological parameters and transmission coefficient for layered 
mediums

The aim of this research is to achieve the bubble selective manipu-
lation across the layered mediums of real biological environment in a 
theoretical calculation model and study the effect of multiple biological 
mediums for the trapping ARF on the bubble quantitatively. The calcu-
lation method is based on the ASM and in Section 2.2, we obtained 
the ARF calculation method for one arbitrary air sphere bubble with 
the arbitrary incident acoustic beam across the one material medium, 
which can also be extended to the arbitrary layered mediums. In order 
to match the real biological environment and get the meaningful result 
for the reference to the biomedicine experiment and application about 
non-contact bubble manipulation, the layered mediums and fluid in the 
ARF calculation method need to be specified as the biological tissue 
materials.

In this paper, we select three scenarios which include the basic 
biological and experimental environment about non-contact bubble 
manipulation in vivo and vitro. For the first scenario, the layered 
mediums are the tofu in the water under 20◦C. The incident beam in 
the source plane propagates from water to tofu and then, comes back to 
the water. This scenario is a theoretical calculation model supplement 
for the bubble trapping experiment across the tofu in water [24]. 
The layered mediums in the second scenario are the fat and muscle 
which separate the interstitial fluid and water layer. The incident beam 
propagates from water layer to fat layer, then, from fat layer to muscle 
layer and finally, to interstitial fluid. It is a real biological environment, 
which is applied to the pancreas treatment simulation by the high 
focused ultrasound [26]. In this real scenario, the water is maintained 
at 20◦C, while the biological tissues (the remaining mediums) are at 
the normal human body temperature of 37◦C. Meanwhile, compared 
with the second scenario, the layered mediums in third scenario are 
supplemented with the skin layer. The incident beam propagates from 
4 
Table 1
Acoustic properties of the fluid and layered mediums in three scenarios with 
density (𝜌), longitudinal sound speed (𝑐), and loss factor (𝛼). The incident beam 
frequency in source plane is 𝑓 (MHz).
 Material 𝜌 (kg∕m3) 𝑐 (m∕s) 𝛼 (Np∕m) 
 Water [24] 1000 1485 ...  
 Tofu [41] 1010 1507.1 6.45𝑓 1.3  
 Skin [26] 1120 1613 18.08𝑓  
 Fat [26] 950 1478 6.79𝑓 1.53  
 Muscle [26] 1050 1547 6.79𝑓 1.53  
 Interstitial fluid [42] 1020 1520 3.45𝑓  

the water layer to skin layer and then, like the route in the second sce-
nario. The supplemented skin is also 37◦C. According to the paper [26], 
the third scenario is the most comprehensive biological environment, 
which can reach any organ like the spleen and duodenum. The concrete 
and required acoustic properties in three scenarios are listed in  Table 
1, which is used for ARF calculation acting on the bubble across these 
specific layered mediums.

Based on the ARF calculation method in Section 2.2, it is essential 
to calculate the pressure transmission coefficient of every elementary 
plane wave in the interface of adjacent two material layers along the 
propagation direction, like 𝑡1(𝜃𝑘) and 𝑡2(𝜃′𝑘). Therefore, in order to 
achieve the ARF calculation in the established biological and experi-
mental environment, we need to figure out the pressure transmission 
coefficient under 𝜃𝑘 of every elementary plane wave at the interfaces 
of three scenarios, according to acoustic properties in Table  1.

For this pressure transmission coefficient calculation, we consider 
the incident angle between 0◦ and 90◦, which can contain all cases 
about 𝜃𝑘 of every elementary plane wave in the wavenumber domain 
plane. Moreover, owing to the acoustic impedance of water and the 
other mediums in the three scenarios being very close, we can regard 
these layered mediums and interstitial fluid as the fluid medium [43]. 
It means that the transverse wave velocity about these mediums does 
not need to be considered as shown in Table  1. The concrete calculation 
formula for the fluid-to-fluid pressure transmission coefficient 𝑡 under 
𝜃𝑘 of the element plane wave is as follows [40] 

𝑡 =
𝑝𝑡
𝑝𝑖

=
2𝑚 cos(𝜃𝑘)

𝑚 cos 𝜃𝑘 +
√

𝑛2 − sin2 𝜃𝑘
(19)

where 𝑝𝑡 and 𝑝𝑖 are the transmission and incident acoustic pressure of 
the element plane wave, respectively. And, 𝑚 is the ratio of the density 
for adjacent two material layers along the propagation direction of 
every elementary plane wave, which is described as 𝜌2∕𝜌1. Meanwhile, 
𝑛 is the ratio of the velocity for adjacent two material layers against the 
propagation direction and is expressed as 𝑐1∕𝑐2. Based on this formula, 
using the acoustic properties of tofu and water from Table  1, the plane-
wave pressure transmission coefficient for the interface of the first 
scenario from incident angle 𝜃𝑘 = 0◦ to 90◦ can be obtained. The result 
is shown in Fig.  1(a). Similarly, the coefficients for the interface of the 
second and third scenarios from 𝜃𝑘 = 0◦ to 90◦ can also be acquired. 
The result for the second scenario shown in Fig.  1(b) includes three 
interfaces’ transmission along the propagation direction. Fig.  1(c) is the 
result for the third scenario with four interfaces’ transmission. In Fig. 
1, some curves for the plane-wave pressure transmission coefficient 
are cut off at a certain angle, which means that the elementary plane 
wave at this incident angle will undergo total internal reflection in the 
corresponding interface. And then, when the incident angle is larger 
than this critical angle, the coefficient will become zero.

3.2. The verification for ASM-based ARF calculation method across layered 
mediums

In Section 3.1, we define the layered mediums and fluids to match 
the real biological and experimental environment. And, the result for 
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Fig. 1. Plane-wave pressure transmission coefficient 𝑡 vs. incident angle 𝜃𝑘 from 0◦ to 90◦ for three scenarios. The horizontal axis is the incident angle, and the 
vertical axis is the sound pressure transmission coefficient 𝑡. (a) Water and Tofu: Black curve (water to tofu), blue curve (tofu to water). The horizontal red dash 
line indicates a transmission coefficient of 1; the vertical red dash line marks total reflection at 80◦. (b) Water, Fat, Muscle, Interstitial fluid: Black curve (water 
to fat), blue curve (fat to muscle), yellow curve (muscle to interstitial fluid). The horizontal red dash line indicates a coefficient of 1; the vertical red dash line 
marks total reflection at 73◦. (c) Water, Skin, Fat, Muscle, Interstitial fluid: Black curve (water to skin), blue curve (skin to fat), yellow curve (fat to muscle), 
purple curve (muscle to interstitial fluid). The horizontal red dash line indicates a coefficient of 1; the vertical red dash lines mark total reflection at 67◦ and 
73◦, respectively.
the plane-wave pressure transmission coefficient in three scenarios has 
been obtained. From the ARF calculation across the layered mediums 
described in Section 2.2, if we specify the thickness and position of 
these layered mediums, the size of the bubble and the incident beam in 
the source plane, the ARF on the bubble across these layered mediums 
can be worked out. In this way, the theoretical calculation model for 
ARF across the layered mediums can be established.

Based on the corresponding calculation model, a demonstrating 
process is conducted to confirm the validity of the ASM-based ARF cal-
culation method across the layered mediums described in Section 2.2. 
For the first scenario, we suppose that the thickness 𝑑1 of the tofu is 
10mm, which has infinite extent in the 𝑥𝑦-plane and separates the water 
into the upper and lower layer. The source plane (𝑧 = 0) in the upper 
water has a 5mm vertical distance ℎ1 away from the upper surface 
of the tofu layer. Moreover, the acoustic source in the source plane 
is configured to radiate plane waves toward the tofu at incident and 
azimuth angles of 𝜃𝑘 = 45◦ and 𝜑𝑘 = 45◦, with the excitation frequency 
2.25MHz and the original incident pressure 0.02MPa. In the ASM, the 
angular spectrum plane still propagates along the 𝑧 axis and scatters 
with the bubble in the lower water behind the tofu. The schematic 
diagram of the model is shown as Fig.  2(a).

In fact, the validity of the ARF calculation method across the layered 
mediums hinges on the accurate determination of the ASM-based beam 
shape coefficients, 𝐻𝑛𝑚, at the bubble’s location. These coefficients 
are dictated by the incident acoustic field surrounding the bubble. 
Therefore, the accuracy for the method is verified by comparing the 
result of the incident acoustic field behind the tofu in the ASM with 
the result in the numerical simulation. In the ASM, the plane wave 
field in the source plane at a 45◦ incident angle is transformed into 
the angular spectrum and then, the process of the angular spectrum 
propagating to the plane in the lower water behind the tofu along the 𝑧
axis is conducted following the procedure described in Section 2.2. The 
plane-wave pressure transmission coefficient of the specific incident 
angle, and acoustic properties 𝑐 and 𝛼 for tofu and water are obtained 
from Section 3.1 and Table  1. When obtaining the angular spectrum in 
any plane behind the tofu, we can calculate the incident acoustic field 
behind the tofu by the 2D inverse Fourier transform. Meanwhile, in 
the simulation, we establish the numerical model corresponding to the 
supposed model and employ the pressure acoustic physics field in the 
frequency domain to calculate the incident acoustic field behind the 
tofu in COMSOL Multiphysics 6.1. Finally, the results from both the 
ASM and the simulation are obtained, as shown in Fig.  2(b). From Fig. 
2(b), we can find that the incident acoustic field (the pressure ampli-
tude |𝑃 | (Pa) distribution with propagation distance 𝑧) behind the tofu 
in this supposed model is identical in the ASM and simulation, which 
can demonstrate that the ASM-based ARF calculation method in the 
first scenario is correct. Similarly, this method can also be confirmed 
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to be correct in the other two scenarios. In conclusion, it is appropriate 
for this paper to employ this ASM-based ARF calculation method to 
calculate the selective bubble manipulation across the three kinds of 
layered mediums in Section 3.1.

4. Bubble manipulation in a unified medium

4.1. Bubble selective manipulation by the focused vortex in the free and 
undamped water

In Section 3.2, we completed the verification of the ASM-based 
calculation method for the ARF on the bubble across the layered 
mediums and can calculate the bubble trapping in the real biological 
environment. Owing to the distinctive characteristics of the bubble in 
the fluid, a appropriate acoustic source in the model is significant to 
create the single-beam 3D selective acoustic tweezers for the bubble 3D 
selective manipulation. The holographic acoustical tweezer (HAT) in 
Ref. [36] can produce the 3D radiation selective trap for microparticles 
and cells in the free and undamped space. However, it is not used to 
selectively manipulate the bubble, yet. In this paper, we will try this 
planar and finite aperture transducer more suitable for the ASM to 
selectively manipulate the bubble.

The HAT shown in Fig.  3(a) is in the source plane (𝑧 = −32mm), 
designed at a frequency 𝑓0 = 1.2398MHz, and the aperture angle 
and the focus length are 65◦ and 32mm, respectively. Based on it, 
we construct the theoretical calculation model for the trapping of the 
bubble in the free and undamped fluid space by the ASM-based ARF 
Eqs. (7), (8) and (9). In this model, the HAT acts as the acoustic source, 
generating a focused vortex beam at a frequency of 1.2398MHz with 
an incident pressure of 7.4 kPa at the source plane. The vortex beam 
subsequently propagates through 20◦C water along the 𝑧 axis, from 
the source plane to a downstream plane 64mm away, where it scatters 
upon encountering the bubble. The radius of the bubble is 0.1𝜆 and 
𝜆 = 𝑐𝑤∕𝑓0 in which 𝑐𝑤 is the sound speed of the water as shown 
in Table  1. The schematic diagram of the model is shown as Fig.  3(a). 
Under this model, the detailed calculation process is to calculate the 
𝑧 component of the ARF (axial ARF 𝐹𝑧 (N)) on the bubble along the 𝑧
axis in the region of 7.5mm from the focus point (𝑧 = 0mm) firstly, and 
then, compare the buoyancy of the bubble with the 𝐹𝑧 to obtain the 
axial equilibrium point 𝑧𝑡𝑟𝑎𝑝 where the buoyancy equals to the 𝐹𝑧 in 𝑧
axis. Finally, the lateral ARF (𝐹𝑥 (N)) on the bubble is computed at the 
axial trap equilibrium position 𝑧𝑡𝑟𝑎𝑝, from −3.75mm to 3.75mm along 
the 𝑥 axis. Owing to rotational symmetry of the incident vortex beam, 
the 𝐹𝑥 can represent all of the lateral ARFs (restoring forces). And we 
can search the lateral equilibrium point where the 𝐹𝑥 = 0 in 𝑥 axis. 
Generally, there are always two axial equilibrium points in 𝑧 axis. In 
the most cases, the axial equilibrium point located at the downstream 
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Fig. 2. The across-medium ARF calculation method validation based on the model for an obliquely incident plane wave on Tofu in water. (a) Schematic of the 
numerical model. A plane wave (blue arrow) is incident at 𝜃𝑘 = 45◦, 𝜑𝑘 = 45◦ onto a tofu block submerged in water. The wave propagates through the tofu and 
scatters with the bubble located in the water below. The sphere represents the bubble, and the white rectangular block is the tofu (ℎ1 = 5mm, 𝑑1 = 10mm). (b) 
Comparison of results in the ASM and in the numerical simulation. The incident pressure amplitude |𝑃 | (Pa) as a function of propagation distance 𝑧 (mm) from 
the source plane is computed using both the ASM and finite element method (FEM), for an incident plane wave with 𝑃0 = 0.02MPa. The field behind the tofu 
spans from 15mm to 35mm, with the red dashed line marking the tofu’s lower surface. In the FEM results, multiple scattering at interfaces causes oscillations in 
the total pressure amplitude before the wave exits the tofu.
Fig. 3. The schematic diagram of the theoretical calculation model for the trapping of the bubble. (a) The theoretical calculation model for the trapping of the 
bubble in the free and undamped fluid space is constructed. In the source plane, a one-sided HAT in the piezo wafer radiates the focused acoustic vortex beam 
along the 𝑧 axis to scatter with the bubble near the focal plane. It is shown in the red and blue intertwined spiraling electrodes with 35 turns and the details of 
the HAT, see Ref. [36]. The sphere represents the bubble. (b) The theoretical calculation model for the trapping calculation of the bubble across the tofu layered 
mediums is established. Compared with (a), the model is inserted by a tofu. For this tofu, the distance away from the source ℎ2 is 5mm and the thickness 𝑑2 is 
25mm.
from the focus point (𝑧 > 0) along the propagation axis is stable. 
Meanwhile, the steady lateral equilibrium point always occurs near the 
axial equilibrium point. It should be noted that when employing the 
ARF formula to compute the theoretical calculation model, the angular 
spectrum 𝑆(𝑘𝑥, 𝑘𝑦) calculating the 𝐻𝑛𝑚 in the ARF formula should be 
in the plane centered at the bubble. The modifying formula is shown 
as follows 
𝑆(𝑘𝑥, 𝑘𝑦)|𝑥=𝑥0 ,𝑦=𝑦0 ,𝑧=𝑧0 = 𝑆(𝑘𝑥, 𝑘𝑦)|𝑧=−32mm×𝑒

𝑖(𝑘𝑥𝑥0+𝑘𝑦𝑦0+𝑘𝑧(𝑧0+32mm)) (20)

where (𝑥0, 𝑦0, 𝑧0) is the center position of the bubble. And 𝑘 = (𝑘𝑥, 𝑘𝑦, 𝑘𝑧)
is the wavenumber in the water, which can be given as 2𝜋𝑓0∕𝑐𝑤. 
When the process is conducted, the result for the axial ARF (𝐹𝑧 (N)) 
distribution curve and the lateral ARF (𝐹𝑥 (N)) distribution curve is 
shown in Fig.  4(a). As shown in Fig.  4(a), we can find that the bubble 
at this size can be trapped by the incident focused vortex beam. And 
the trapped position is nearly at the axial equilibrium point (𝑧𝑡𝑟𝑎𝑝 =
1.489mm) in the 𝑧 axis. Moreover, from the 𝐹𝑥 (N) distribution curve 
in Fig.  4(a), the focused vortex can selectively trap a target bubble, 
which is the result of the change for sign of 𝐹𝑥 (N) around the 𝑧𝑡𝑟𝑎𝑝 along 
𝑥 axis. In conclusion, a great single-beam 3D selective acoustic tweezer 
we need for the bubble in the free water space has been created.

4.2. Bubble selective manipulation verification across tofu based on the 
model of the unified medium

The performance of the HAT as acoustic source has been proved 
based on Section 4.1. It can meet our demand to selectively manipulate 
the bubble in the free and undamped fluid space. To achieve the bubble 
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selective manipulation across the layered mediums of real biological 
environment, it is natural for us to use the HAT to generate a selective 
3D acoustic tweezer across the layered mediums. However, owing 
to the effect of layered mediums like the muscle, skin and fat, the 
incident focused vortex will be affected by refraction, transmission and 
attenuation when across the layered mediums, and can easily become 
defocused due to distortion, which means that the 3D tweezers created 
by this acoustic field behind the layered mediums will not be selective 
anymore [36] and even cannot achieve the 3D trapping under the 
degenerative axial ARF. Therefore, it is essential to quantitatively study 
the effect of the layered mediums on the trapping ARF acting on the 
bubble.

For the better comparison, the first scenario is used for the bubble 
selective trapping verification across the layered mediums. In this 
model, a tofu is inserted into the water of 20◦C and then, the HAT in the 
source plane (𝑧 = −32mm) radiates the incident focused vortex beam to 
propagate through the tofu and traps the bubble located on the lower 
water side. Since the difference between the theoretical calculation 
model across the medium and in the unified medium is only a piece of 
the tofu, based on the trapping ARF in the model of the unified medium, 
the trapping calculation result across the tofu medium can serve as a 
direct reference to the effect of layer mediums for the trapping ARF on 
the bubble. Meanwhile, the acoustic properties for the tofu described 
in Table  1 is similar to the real biological layered mediums, which can 
mimick the tissue medium in vivo. Thus, the results allow us to deduce 
the effect of the real biological layered mediums on the trapping ARF.

The specific model for the trapping calculation on the bubble across 
the tofu layered mediums is shown in Fig.  3(b). Firstly, the same HAT 
radiates the same focused vortex beam in the same frequency as the 
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Fig. 4. Bubble trapping analysis in homogeneous and tofu layered media. (a) Homogeneous water medium at 7.4 kPa source incident pressure. Curves in columns 
1 and 4 show axial (𝐹𝑧) and lateral (𝐹𝑥) radiation forces versus spatial position, respectively. The red dashed line in the axial force profile indicates the bubble 
buoyancy 𝐹𝐵 = 4

3
𝜋𝑎3𝜌𝑤𝑔, where 𝑎 is the bubble radius, 𝜌 is the water density, and 𝑔 = 10 (N∕kg) is the gravitational acceleration. In the lateral force profile, 

vertical and horizontal dashed lines mark the axial equilibrium position (𝑥 = 0) and zero force level (𝐹𝑥 = 0). Columns 2 and 3 display the pressure amplitude 
distribution in the propagation plane (left, red line marks focal length) and focal plane (right). (b) Layered tofu mediums at 11.005 kPa source incident pressure. 
Axial and lateral radiation forces are shown similarly to (a), with adjusted spatial ranges. Pressure field distributions follow the same arrangement as (a), with 
modified propagation plane coordinates.
model of the unified medium and the focused vortex beam propagates 
in the water medium before the tofu. Then, the incident focused vortex 
propagates through the tofu located in the distance of ℎ2 = 5mm
away from the source plane and the thickness is 𝑑2 = 25mm along 𝑧
axis. Finally, the acoustic field scatters with the same bubble described 
by the unified medium model in the lower water side. The total 
propagation distance is 64mm and direction is along 𝑧 axis. We employ 
the ASM-based ARF calculation method across the layered mediums 
described in Section 2.2 to calculate the bubble trapping ARF in this 
model. The 𝐹𝑧 (N) and 𝐹𝑥 (N) computation process for demonstrating 
bubble whether to be trapped is similar to the trapping calculation in 
the model of the unified medium. However, owing to the unknown 
for the trapping result across the tofu, we do not specify the incident 
acoustic pressure in the source plane of this model. We determined the 
incident pressure by comparing the maximum amplitude of pressure 
in the propagation plane (𝑥𝑧 plane from 𝑧 = −32mm to 𝑧 = 32mm). 
This approach ensured successful bubble trapping behind the tofu. 
The pressure amplitude distribution in the propagation plane for the 
trapping model of the unified medium is shown in the second figure of 
Fig.  4(a). When the incident pressure in the source plane is 11.005 kPa, 
we can get the nearly same maximum amplitude of pressure in the 
propagation plane of the acoustic field for the model across the tofu. 
The result is shown in the second figure of Fig.  4(b). From this figure, 
we find that the focus distance is changed to be 30.96mm by the tofu 
layered mediums, which means that the focal plane is still behind the 
tofu and we established a correct model. Therefore, the coordinate 
for the source plane (𝑧 = −30.96mm) is updated. Then, under the 
incident acoustic pressure for the HAT in this calculation model across 
the tofu, we can calculate the 𝐹𝑧 (N) on the bubble along the 𝑧 axis 
in the region of −0.8mm to 14.2mm from the focus point (𝑧 = 0mm) 
and the 𝐹𝑥 (N) on the bubble at the axial trap equilibrium position 𝑧𝑡𝑟𝑎𝑝, 
from −3.75mm to 3.75mm along the 𝑥 axis. The result for the 𝐹𝑧 (N) and 
𝐹𝑥 (N) distribution curve is shown in Fig.  4(b), leading to the conclusion 
that the bubble at the same size behind the tofu can be 3D trapped 
nearly at the axial equilibrium point (𝑧𝑡𝑟𝑎𝑝 = 1.724mm) in the 𝑧 axis by 
the focused vortex across the tofu and the trapping is also selective. A 
similarly 3D selective acoustic tweezer across the tofu layer mediums 
7 
like the trapping model of the unified medium has been created under 
the incident pressure 11.005 kPa for the HAT.

In summary, we can find that when the tofu with the thickness 
25mm is inserted into the water unified medium, for the trapping 
bubble calculation, the pressure amplitude for the incident focused 
vortex acoustic field around the target bubble can be attenuated greatly 
(from 11.005 kPa to 7.4 kPa), which can cause the trapping ARF 𝐹𝑧 (N)
and 𝐹𝑥 (N) to decrease by two to three times. This loss is from the 
transmission in the interface and the attenuation in the tofu medium. 
Meanwhile, owing to the refraction in the interface, the focus distance 
for the focused vortex acoustic field is changed from 32mm to 30.96mm. 
With the focal point getting closer to the source plane, the trapping 
point 𝑧𝑡𝑟𝑎𝑝 will be offset along the 𝑧 axis. However, the effect of the 
tofu layered mediums on the vortex focusing is slight. This indicates 
that the selective manipulation capability is retained when the incident 
focused vortex acoustic field across the tofu layer mediums.

5. Bubble manipulation in multilayer mediums

In the previous section, we demonstrated that the focused acoustic 
vortex generated by the HAT can achieve selective bubble trapping in 
water and through a tofu medium. Since tofu acoustically resembles 
real tissue, this method is potentially applicable to biomedical applica-
tions, though performance depends critically on matching the incident 
pressure to the medium. Successful trapping through tofu confirms that, 
with proper acoustic field design tailored to the layered mediums, the 
HAT may function as an effective 3D acoustic tweezer for bubbles even 
behind biological barriers.

Generally, the real biological environment includes the multiple 
biological mediums. We implemented the second and third scenar-
ios to model these complex biological environments according to the 
Ref. [26]. Following the approach established for the tofu medium, 
we developed a bubble trapping calculation model for multilayered 
biological systems, including the fat-muscle structure in Scenario 2. In 
this model, the incident focused vortex beam radiated by the same HAT 
of the source plane (𝑧 = −32mm) in the same frequency propagates 
in the 20◦C water medium before the fat along the 𝑧 axis, firstly, 
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Fig. 5. The schematic diagram of the theoretical calculation model for the 
bubble trapping in the real biological environment. (a) The theoretical cal-
culation model for the trapping of the bubble across the real biological 
multilayered mediums such as fat and muscle in the second scenario is 
constructed. The same HAT in the piezo wafer radiates the focused vortex 
beam to scatter with the bubble in the green interstitial fluid. And the yellow 
fat layer with the thickness 20.17mm is ℎ3 = 2.12mm away from the source 
plane in the 𝑧 direction. Moreover, the adjacent pink muscle layer with 
thickness 6.58mm is located above the bubble shown as the blue–green solid 
particle. (b) The theoretical calculation model for the trapping of the bubble 
across the real biological multilayered mediums such as skin, fat and muscle in 
the third scenario is established. Compared with the (a), it adds a white skin 
layer with the thickness 1.49mm into the position between the water layer and 
yellow fat layer. And the ℎ4 is still 2.12mm.

and then, propagates through the fat with the thickness 20.17mm, 
which is located at the distance 2.12mm away from the source plane 
in the 𝑧 direction. After passing through the fat layer, the focused 
beam propagates through a 6.58mm thick muscle layer and reaches 
the interstitial fluid, where it will scatter with a bubble of radius 
𝑎 = 0.1𝑐𝑖𝑛𝑡𝑒𝑟∕𝑓0. Here, 𝑐𝑖𝑛𝑡𝑒𝑟 is the sound velocity of the interstitial fluid 
described in Table  1. The total propagation distance is also 64mm and 
direction is along 𝑧 axis. In this way, the schematic diagram of the 
model can be constructed in Fig.  5(a). And the calculation process for 
the trapping ARF on the bubble in this model can be based on the 
similar process in the trapping calculation model across the tofu. We 
can also decide the incident pressure in the source plane by the way in 
which the maximum amplitude of pressure in the 𝑥𝑧 propagation plane 
(from 𝑧 = −32mm to 𝑧 = 32mm) of this model is analogized from the 
model in the unified water above in the same manner and the value is 
11.794 kPa. Then, under this incident pressure for the HAT, the nearly 
same maximum amplitude of pressure in the propagation plane in this 
model can be obtained in  Fig.  6(a). The focal distance shifts from 32mm
to 31.28mm, located beyond the muscle layer. Therefore, the position 
of the source plane is reset to 𝑧 = −31.28mm, and under this incident 
pressure, we employ the extended ASM-based ARF calculation method 
across the layered mediums described in Section 2.2 to calculate the 
trapping ARF on the bubble in the interstitial fluid. According to the 
trapping ARF computation step in the calculation model across the tofu, 
we can acquire the calculation result for the trapping ARF 𝐹𝑧 (N) and 
𝐹𝑥 (N) on the bubble. It includes the 𝐹𝑧 (N) on the bubble scattering 
with the incident focused vortex beam along the 𝑧 axis in the region of 
−2.3mm to 12.7mm from the focus point (𝑧 = 0mm) and the 𝐹𝑥 (N) on 
the bubble at the axial trap equilibrium position 𝑧𝑡𝑟𝑎𝑝, from −3.75mm
to 3.75mm along the 𝑥 axis. The distribution curves are shown in Fig. 
6(a). Obviously, the bubble at this size in the interstitial fluid has been 
trapped nearly at the axial trap equilibrium position 𝑧𝑡𝑟𝑎𝑝 = 1.58mm
in the 𝑧 axis while retaining selective trapping characteristics. Combin-
ing with the similar trapping ARF, it demonstrates that the similarly 
3D selective acoustic tweezers across the real biological multilayered 
mediums in the second scenario can be created under the incident 
focused vortex radiated by this HAT in an analogical incident pressure. 
Meanwhile, owing to the transmission of the interface and attenuation 
in this real biological multilayer mediums, it also results in a significant 
attenuation of the pressure amplitude for the incident focused vortex 
acoustic field around the target bubble. Compared with the model in 
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unified medium above, the concrete value is from 11.794 kPa to 7.4 kPa, 
which means the trapping ARF on the bubble will decrease by two or 
three times in this real biological multilayer mediums.

For the third scenario, the real multiple biological mediums are 
inserted with a skin layer based on the second scenario. Thus, the the-
oretical calculation model for bubble trapping across the multilayered 
mediums corresponding to this scenario can be established by adding 
a skin layer with thickness 1.49mm into the calculation model of the 
second scenario. The exact position of the skin layer is between 20◦C
water and fat layer, and 2.12mm away from the source plane. The 
schematic diagram of the model is shown in Fig.  5(b). Then, we can 
calculate this model, according to the trapping calculation process on 
the bubble for the calculation model belonging to the second scenario. 
The incident pressure for the same HAT in the source plane is set to be 
13.343 kPa and the focal distance is changed from 32mm to 30.96mm. 
When the position of the source plane is reset as 𝑧 = −30.96mm, we 
can calculate the trapping ARF of the same bubble in the interstitial 
fluid under the incident focused vortex beam. The result is the 𝐹𝑧 (N)
on the bubble along the 𝑧 axis in the region of −0.5mm to 14.5mm
from the focus point (𝑧 = 0mm) and the 𝐹𝑥 (N) on the bubble at 
the axial trap equilibrium position 𝑧𝑡𝑟𝑎𝑝, from −3.75mm to 3.75mm
along the 𝑥 axis, which is shown in Fig.  6(b). Based on the analysis 
of the 𝐹𝑧 (N) and 𝐹𝑥 (N) distribution curve in Fig.  6(b), we can find 
that the bubble at the same size as the second scenario can be trapped 
nearly at the axial trap equilibrium position 𝑧𝑡𝑟𝑎𝑝 = 1.67mm in the 
𝑧 axis and a similarly 3D selective tweezer across the real biological 
multilayer mediums of the third scenario can be also created by this 
HAT in an analogical incident pressure. Moreover, in this real biological 
environment, compared with the unified model above, the pressure 
amplitude of the incident focused vortex acoustic field around the 
target bubble will decrease from 13.343 kPa to 7.4 kPa. It also means 
that in this real biological multilayer mediums, the trapping ARF on 
the bubble will be further reduced by three or four times, when the 
skin layer is introduced.

In this section, the non-contact bubble selective manipulation in 
the real biological environment corresponding to second and third 
scenarios has been verified and the effect for the trapping ARF has 
also been analyzed. The attenuation of the pressure amplitude in a 
focused vortex acoustic field occurs both within the layer mediums and 
at their interfaces, as demonstrated by the tofu model. This attenuation 
is further exacerbated in the real biological environment. To ensure 
comparability, the incident pressure for the same HAT is maintained at 
a fixed value in all four models. The trapping ARF acting on a bubble 
in water or interstitial fluid is subsequently calculated by the corre-
sponding method and process. When getting the result for the trapping 
ARF and the pressure amplitude distribution in the focal plane (𝑧 =
0), the respective maximum of the axial 𝐹𝑧 (N) ARF and the pressure 
amplitude of the focal plane in these four models will be worked out for 
comparing. For the intuition, these comparing results are normalized by 
the maximum in four. Finally, they are directly presented by Fig.  7(a) 
and (b). From the two figures, we can obviously find that the axial 
𝐹𝑧 (N) ARF and pressure amplitude of the focal plane will decrease 
with increasing of layer number for the layered mediums. Compared 
with the zero layer number in the unified model, the one layer number 
for the tofu layered mediums will generate the attenuation for the 
pressure amplitude of the incident focused vortex acoustic field around 
the target bubble by 1.47 times and the axial 𝐹𝑧 (N) ARF on the bubble 
by 2.14 times. For the two layer number corresponding to the real 
biological multilayer mediums like the fat and muscle in the second 
scenario, the attenuation for the pressure amplitude and the axial 𝐹𝑧 (N)
ARF will increase by 1.52 and 2.25 times, respectively. Moreover, 
owing to the addition of the skin layer for the real biological multilayer 
mediums in the third scenario, the attenuation further increases, with 
the pressure amplitude and ARF reduced by 1.71 and 2.88 times. In 
conclusion, owing to the consideration of the complicated multilayered 
mediums in the real biological environment, the attenuation for the 
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Fig. 6. Bubble trapping analysis in real biological environment of second and third scenarios. (a) Second scenario:Real multilayer tissue mediums including fat 
and muscle at 11.794 kPa source incident pressure. Curves in columns 1 and 4 show axial (𝐹𝑧) and lateral (𝐹𝑥) radiation forces versus spatial position, respectively. 
The red dashed line in the axial force profile indicates the bubble buoyancy 𝐹𝐵 = 4

3
𝜋𝑎3𝜌𝑖𝑛𝑡𝑒𝑟𝑔, where 𝑎 is the bubble radius, 𝜌𝑖𝑛𝑡𝑒𝑟 is the interstitial fluid density, 

and 𝑔 = 10 (N∕kg) is the gravitational acceleration. In the lateral force profile, vertical and horizontal dashed lines mark the axial equilibrium position (𝑥 = 0) and 
zero force level (𝐹𝑥 = 0). Columns 2 and 3 display the pressure amplitude distribution in the propagation plane (left, red line marks focal length) and focal plane 
(right). (b) Third scenario:Real skin, fat and muscle tissue layered mediums at 13.343 kPa source incident pressure. Axial and lateral radiation forces are shown 
similarly to (a), with adjusted spatial ranges. Pressure field distributions follow the same arrangement as (a), with modified propagation plane coordinates.
Fig. 7.  Normalized maximum values of (a) the focal plane pressure amplitude (Norm.(𝑚𝑎𝑥 |𝑃 |) vs. layer number) and (b) the axial (Norm.(𝑚𝑎𝑥𝐹𝑧) vs. layer 
number) ARF on the bubble, as functions of the number of layers in the four calculation models. The incident pressure is kept constant for comparison. Layer 
numbers 0 and 1 correspond to the uniform and single-layer (tofu) models, respectively, while layers 2 and 3 represent models of the real biological environment. 
All values are normalized by their corresponding maximum in the four models. Data points (connected by blue lines to show the trend) demonstrate a decrease 
with increasing layer number.
pressure amplitude of the across-medium 3D selective tweezers acting 
on the bubble will decrease greatly, which will cause the axial trapping 
ARF on the bubble to decrease by two to three times. It means that the 
real biological multilayer mediums will generate great impact on the 
non-contact bubble manipulation.

6. Summary

In order to supplement the numerical modeling of the ARF on a 
bubble in the real biological environment, this paper proposes the 
method for calculating the ARF across the one material medium, which 
can be extended to any layered mediums. The research focuses on two 
biologically relevant scenarios for ultrasonic therapy [26], constructing 
corresponding trapping models based on an extended ‘‘across-tofu’’ 
framework. Based on the analogy approach mentioned in Section 4.2, 
we determined suitable incident pressure for the HAT and computed 
trapping forces by integrating an ASM-based ARF calculation method 
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for layered mediums, similar to trapping calculation model across the 
tofu. The results demonstrate that a comparable 3D selective trapping 
effect to that of the unified model can be achieved, albeit with signifi-
cant attenuation of the incident focused vortex beam. Notably, a stable 
trapping ARF on the bubble was confirmed in the chosen real biological 
environment. Moreover, for the four models above, with the same 
incident pressure, the direct and precise comparison for the effect of the 
layered mediums was conducted. The similar conclusion and concrete 
values were obtained, which means that the multilayered mediums 
definitely generated a great attenuation on the ARF, especially the 
axial ARF (𝐹𝑧 (N)). In conclusion, this research provides the effect of 
multiple biological mediums for the trapping ARF on bubbles and 
the effective model for creating similarly 3D selective tweezer in the 
real biological environment like the unified model. These outcomes 
offer a reference for designing acoustic fields, such as determining the 
incident pressure for transducers like the HAT, in non-contact bubble 
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manipulation applications. Furthermore, it offers insights for mitigating 
the influence of real multilayered media on the trapping efficacy.

Nevertheless, it is known that real biological multilayered mediums, 
such as fat, muscle, and skin, are viscoelastic, which means that in 
order to better reflect reality, we should consider the propagation and 
refraction of the transverse and longitudinal plane waves [44] when 
the incident focused vortex beam across these layered mediums in the 
ASM. But in this work, all the layered mediums are treated as the fluid 
medium. Although this is a reasonable simplification according to the 
Ref. [43], it still introduces errors in the calculated trapping ARF on the 
bubble across the above layered mediums. Meanwhile, the steady state 
assumption for the ARF calculation process on the bubble neglects the 
damping effect of the bubble oscillation. In fact, the pulsating bubble 
in the viscous medium like the interstitial fluid will be subjected to 
viscous damping [45] which can reduce the scattering cross-section 
of the bubble under the elementary plane wave [46] in the ASM and 
decrease the magnitude of the ARF on the bubble. Moreover, when the 
elementary plane wave in the ASM reaching the bubble in the water or 
interstitial fluid, the corresponding plane-wave propagation factor and 
loss factor should be corrected to the gas’s in the bubble and consider 
the refraction in the bubble surface. In fact, the bubble can change 
the propagation characteristic of the elementary plane wave, but ow-
ing to the limited impact of the one small bubble, the homogeneous 
background fluid assumption in the propagation will only cause tiny 
errors to the ARF calculation. In the future, we will revisit the essential 
properties of the listed biological multilayered mediums and consider 
their viscoelasticity, combining with the bubble dynamics in the viscous 
medium and the bubble-caused non-homogeneity of the medium, to 
comprehensively calculate the across-medium effect for the ARF on the 
bubble. These more precise results will provide better guidance for the 
non-contact bubble manipulation in the real biological environment.
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