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ABSTRACT

This study proposes a dispersion-volume-based numerical framework for extracting the three- dimen-
sional isofrequency surfaces (IFSs) of elastic metamaterials by using Bloch-Floquet finite element
analysis. Conventional high-symmetry-path band diagrams provide limited information on three-dimen-
sional wave propagation and directional anisotropy. Bloch wave vectors are sampled on a structured
three- dimensional k-space grid, and the branch-resolved eigenfrequencies are assembled into a dis-
persion volume. The IFS at a target frequency is reconstructed from this volume by interpolation-based
isosurface extraction. To interpret the long-wavelength response, an effective elastic tensor is inversely
identified from the low-k acoustic-branch phase velocities using a Christoffel-equation-based formulation,
and the resulting Christoffel IFS is compared with the FEM-based IFS. The comparison shows good
low-k frequency agreement, whereas a finite-frequency mismatch indicates the limited validity of the
local quasi-static effective tensor model. The proposed framework complements the conventional sym-

metry- line dispersion analysis for characterizing directional elastic-wave propagation.
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Table 1 Grid-sensitivity test for dispersion-volume-based IFS reconstruction

o [kHz] Grid Tevel Grid size M [rad/m] | Branch [I%I]F S| Branch f%I]F S| Branch f%I]F E
0.800 Coarse 4xdxd 1047.20 2283 1,349 1.675
0.800 Medium 6x6%6 628.32 1325 1202 0.162
0.800 Fine x 11 %11 31416 - - -
13.000 Coarse 4xdxd 1047.20 8.061 9.623 12234
13.000 Medium 6%6%6 628.32 3.983 4.754 10.469
13.000 Fine 11 x11x11 314.16 - - -
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Fig.5 Low-k validation and finite-frequency comparison of FEM-reconstructed and Christoffel-based IFSs. The
top row compares near-I' FEM slope points (black dots) with Christoffel predictions (translucent surfa-
ces) at 0.800 kHz, while the middle row compares first-octant IFSs at 13.000 kHz. The bottom row
shows the frequency-dependent mean radial mismatch, principal-direction deviation, and normalized
shape mismatch. Columns and curve colors denote acoustic branches 1~3.
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Table 2 Branch-wise validity range of the local effective tensor model based on the adopted mismatch criteria

Branch Criterion Valid frequency range Limiting metric
Acoustic branch 1 (5%, 46" (3°, " <(5% 0.800 kHz ~ 2.600 kHz S
Acoustic branch 2 Same 0.800 kHz ~ 2.400 kHz é’”)
Acoustic branch 3 Same 0.800 kHz ~ 5.400 kHz e

34.8 44 5.5 9.1 241 22.8 4. 7E=| =

44 348 55 241 91 228

eff _ |95 55 309 221 221 81
¢ 9.1 241 221 282 208 20.4 MPa

241 91 221 20.8 282 20.4
22.8 22.8 81 204 20.4 26.7

(16)
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a1, @AY geometric symmetry, 58 B2
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arefste] skt o5 f18) full tensor, % 3
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median AHLAF 0.53 %,
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