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Abstract

In cross-media systems composed of air, thin ice layers, and water, the pronounced acoustic im-
pedance mismatch among different media leads to strong wave reflection at the interfaces, result-
ing in a significant reduction in acoustic energy transmission efficiency. This limitation restricts
the development of cross-media acoustic testing and sensing research under thin-ice and labora-
tory ideal conditions. To address this issue, this study approaches the problem from the perspec-
tives of mathematical modeling and numerical analysis. An equivalent medium model applicable
to millimeter-scale thin-ice conditions is established to describe cross-media acoustic transmis-
sion, and a corresponding finite element numerical framework is developed on this basis. By pa-
rameterizing the unit-cell structure and treating it as a subwavelength effective medium layer,
the complex acoustic problem involving multiple media interfaces is transformed into a solvable
boundary value problem. The resulting model is discretized and solved using the finite element
method, and the effects of unit-cell geometric parameters and array configurations on acoustic
energy transmission are systematically investigated. Numerical simulation results demonstrate
that the acoustic energy transmission efficiency of the system is significantly enhanced in the vi-
cinity of the unit-cell resonance frequency, and that the finite element results show good agree-
ment with the predictions of the equivalent medium model. The results validate the effectiveness
of the proposed mathematical model and finite element numerical method in analyzing low-fre-
quency cross-media acoustic transmission under millimeter-scale thin-ice and laboratory ideal
conditions, providing a feasible numerical analysis tool for the design and optimization of related
acoustic structures.
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Figure 1. An air-water acoustic metasurface across different media [13]
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Figure 2. Distribution of mesh skewness under different mesh size conditions:
(a) COMSOL built-in fine mesh; (b) COMSOL built-in extra-fine mesh
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Figure 3. Schematic of the effective medium theory. (a) Schematic of the idealized bubble
structure model. (b) Schematic of the effective medium model, where the effective thickness is

denoted by &, = h, +h, . (c) Schematic of the mass-spring equivalent model, in which the bubble
layer is modeled as an effective spring, while the thin ice layer and surrounding water are modeled
as an equivalent mass block
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Figure 4. Verification of the theory. (a) A, =10, , =5, a =30 mm , and d =2.4 mm, yielding a theoretically predicted reso-
nance frequency of f, =327.6 Hz. (b) h =5, h,=7, a=30mm and d =2.25 mm, with a theoretically predicted reso-
nance frequency of f, =373.1Hz. (¢) # =3, h,=4,a=30mm and d =13 mm, corresponding to a theoretically pre-
dicted resonance frequency of f, = 642.1 Hz
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Figure 5. Verification of the theory. (a) A parametric sweep of 41 under the condition 4, =5, a=30mm and d =2.4mm.
(b) A parametric sweep of /1 under the condition /4, =7, a=30mm and d =2.25mm
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Figure 8. Energy transmission coefficient of the metasurface without energy dissipation
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