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In the well-known conflict between design space and performance requirements e.g. in terms
of noise and vibration insulation, the emergence of new materials exhibiting exceptional insula-
tion properties for a reduced weight or volume increase has received much attention in the last
decade. Metamaterials with artificially designed architectures are increasingly considered as new
functional materials with unusual properties. This paper presents a group of novel 3D lattice
metamaterials for low-frequency vibration absorption. The novel lightweight cellular microstruc-
tures for vibro-acoustic metamaterials are designed by modification of the Kelvin cell. Interesting
anisotropic material properties are generated by controlling the geometries, e.g., high-stiffness,
auxetic, and strong compression-torsional coupling properties. The interesting meta-properties
enable to tune the cellular resonators of the structures at a low-frequency range. Previous research
is mostly focused on metamaterials for vibration absorption along only one or two directions. In
this paper, wide-band high sound absorption properties of energy transfer coupling in all three
directions are achieved by tunning the frequency-dependent meta-structures in controlling the ge-
ometry and material properties. Additive manufacturing technologies are used for making the 3D
complex tunable metamaterials.
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1. Introduction

Metamaterials with artificially designed architectures are increasingly considered as new func-
tional materials with unusual properties. Vibro-acoustic metamaterial gained a lot of attention due
to their superior noise and vibration insulation properties in a frequency range where wave propa-
gation is prevented [1, 2]. One way to achieve the wave attenuation is to add resonant structures of
sub-wavelength sizes to a host material or structures [1, 3]. The interaction between resonant inclu-
sions and host structures can lead to an increased vibro-acoustic performance in the lower frequency
ranges with light weight solutions. This work is based on previous developed cellular materials by
the authors with rigid body twist, tilt or stretch of Kelvin cells (KC) [4, 5]. The new modified KC
demonstrates light-weight, high stiffness and tunable anisotropic material properties [4, 6].

This paper focuses on design of vibro-acoustic resonant structures based on the anisotropic cells
in [4]. An innovative metamaterial model is designed for sound absorption: novel cellular resonant
structures are added to cavities of a periodic core sandwich structure to create and increase the sound
transmission behaviour. Parametric studies of the cellular geometry are discussed to investigate the
application and demonstrate a method allowing to design vibro-acoustic metamaterials by controlling
cellular meta-resonators.
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2. Cellular meta-resonators

The novel properties of metamaterials are dictated by the structure of the metamaterial, which
will be different from its constituent material properties. An isometric KC arrangement exhibiting
cubic material symmetry is chosen as the reference micro-structure in the design of cellular meta-
resonators, see Fig. 1a. The geometrical modifications of KC include twist, tilt and stretch [4]. Here
only rigid body rotations are applied to the square faces of the reference KC geometry while keeping
these squares undeformed during the rotation [4, 7]. Fig. 1 shows examples of auxetic cells leading to
negative Poisson’s ratios generated by twisting (in-plane rotation) of one to three pairs of square faces
of the reference KC. Topologically, the cell is not modified and all vertices remain connected through
the same struts (with altered lengths) as in the KC geometry. The rotational angles applied on each
pair of square faces are anti-symmetric, i.e. rotated with opposite angles, equal in absolute value. The
twisted cell exhibits chirality with respect to each middle plane parallel to the pairs of twisted faces.
Negative Poisson’s ratios from one to three directions are found by controlling the twisting faces and
angles, i.e., the cell becomes thinner when compressed, as shown in Fig. 2d.

Additive manufacturing technologies are applied to manufacture the complex geometry. Fig. 2a
shows a 3D printed single cell that has negative Poisson’s ratios in all three directions. Fig. 2 shows
three interesting mode shapes of the auxetic single cell which might be interesting for vibro-acoustics
purposes in energy transfer: spring-mass-like functional mode shape which may be introduced to
exhibit an internal-resonator-like behaviour [3], see Fig. 2b; or extension-torsion coupled mode shapes
due to chiral symmetry in Fig. 2c-Fig. 2d. In order to verify the application in vibro-acoustics, a
simple sandwich composite structure embedded with cellular arrays is proposed in following Section
3.

(a) (b) (c) (d)

Figure 1: a) Reference Kelvin cell; auxetic cells with negative Poisson’s ratios generated by rigid
body rotations of the square faces of the reference Kelvin cell of 90◦ along: b) z direction (νyx < 0);
c) z and y directions (νyx ≈ νzx < 0); d) z, y and x directions (νyx ≈ νzx ≈ νzy < 0).

(a)
(b) (c) (d)

Figure 2: 3D printed auxetic cell twisted along z, y and x direction; Selected interesting mode shapes
of a single twisted cell: b) a spring-mass-like system, c) extension-torsion coupling between trans-
verse directions, d) extension-torsion coupling between longitudinal and transverse directions where
the cell becomes thinner under compression (auxetic/negative Poission’s effect).
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3. Vibro-acoustics model

In connection with the specific applications and special properties, multiple cellular structures are
currently under study. Here we focus on an application in vibro-acoustics of auxetic cells for sound
insulation purposes in sound transmission loss (STL): a sandwich panel with a cell-based structural
foam as core material to generate internal-resonator-like behaviour.

Fig. 3a shows the finite element model of the metamaterial sandwich plate (periodic sandwich
plate with infinite lateral dimensions). A cellular array consisting of two cells in the thickness are
assembled as a meta-structure core material of the sandwich plate [7]. Table 1 shows the dimension
and material properties of the model, where the diameter of the cross-section of the cell is 1.5 mm.

Table 1: Geometry and material properties of the finite element model in Fig. 3a

Material Density [kg/m3] Young’s Modulus
[GPa]

Poisson’s Ratio
[-]

Thickness [mm]

Cell 10340 16 0.3 25

Foam 920 0.8 0.3 5

Aluminium 2700 69 0.33 2

(a)
(b)

Figure 3: The finite element model of the metamaterial sandwich plate, b) Sound transmission loss
(STL) of the metamaterial single-layer plate with different embedded cellular arrays.

4. Results

Fig. 3b illustrates the resulting trend of the STL in the frequency range up to 1500 Hz of different
cell structures in Fig. 1. The case without internal resonator is plotted in black solid line, and the
potential associated with the addition of the reference KC array corresponds to the black dashed
line. The added KC array acts as an internal-resonator, similar to a spring-mass-like system as in
Ref. [3]. The coincidence region is clearly visible on the reference calculation without the cellular
array. In addition to the effect of spring-mass-like system, three cases with different auxetic cell
arrays, plotted in coloured lines, clearly show an increased STL in a relatively low frequency range
compared with the reference KC case. The auxetic cell with twists in all three directions, see 1d,
provides a wider band-gap at a lower frequency range than the other two auxetic cells (cell twisted
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around the x direction, and cell twisted around the x & y directions). The results show that tuning the
cell geometry offers the possibility to improve the STL in a low frequency region.

Fig. 4 shows the resonant deformation of the reference KC and the auxetic cell of twist in all three
directions (Fig. 3b). The reference KC model only has one resonance as spring-mass-like deformation
under 1500 Hz, see 4a. However, the auxetic one (red curve in Fig. 3b) has three resonances with
complex coupling deformations in all three directions, see Fig. 4b-Fig. 4d. Such configurations will
be further studied to better understand, control, and advantageously use these resonances for STL
improvements.

In addition to tuning the STL by controlling the geometry of the cellular array, Fig. 5a shows that
the STL can also be improved by controlling the material properties of the cellular struts. The results
naturally show, for instance, that by increasing the density of the struts, thus slightly increasing the
mass of the resonator, a shift to lower frequencies with a wider gap were found. Conversely, increasing
the stiffness of the struts, a shift to higher frequencies with a wider gap were found. Interestingly,
Fig. 5b shows that by adding mass on the square faces in x and y directions (side faces), the second
and third resonances merge and generate a wider STL. Since the focus is here only on demonstration
of the idea for novel vibro-acoustic metamaterials with cellular structures, the cases with auxetic cells
are presented.

(a) (b) (c) (d)

Figure 4: a) a spring-mass-like deformation of the reference Kelvin cell at frequency of 1500 Hz;
resonant deformation of the auxetic cell in Fig. 1d at frequency of: b) 380 Hz, c) 812 Hz, and d)
1072 Hz.

5. Discussion and Conclusion

Novel light-weight open cells are proposed in this paper as meta-resonators for sound transmission
applications. Example results of sandwich meta-structures show that the sound transmission proper-
ties are tunable by controlling the cellular geometry and material properties. High STL are found
in a relatively low frequency range with embedded auxetic cellular array meta-structures. Coupling
dynamics between longitudinal and transverse directions contributes to potentially increase further
the transmission performance of such panels. The gap and amplitude of the STL are also tunable
by adjusting the size, geometry, mass and material properties of the added cellular meta-structures.
Ongoing studies seek to fully tune multiple resonances of the proposed resonators in order to exhibit
exceptional sound transmission performance over wide frequency bands.
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(a) (b)

Figure 5: Sound transmission loss (STL) of the metamaterial single-layer plate of the auxetic cell
(twist x, y and z directions as shown in Fig. 1d): a) with different stiffness and densities where ρs and
Es are the default density and stiffness of the cell as shown in Table 1; b) add mass on square faces in
x and y directions.
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