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ABSTRACT* 

We present a lightweight soundproofing meta-panel that 
can effectively block two distinct broadband sound waves 
in the low and high frequency ranges. The meta-panel is 
composed of two thin membranes sandwiching a multi-
scale lattice structure, which is a multi-layered lattice 
structure involving different lattice sizes. By inducing 
negative effective material properties throughout two 
distinct wide bands, the meta-panel shows high 
transmission loss and insertion loss in those bands. With 3D 
printing technology, we manufacture the meta-panel sample. 
Then, we experimentally verified the high sound insulation 
performance of the meta-panel in an impedance tube and an 
anechoic chamber. The experimental result shows that the 
meta-panel can exhibit exceptional insulation performance 
with a lighter weight (about 5%) than a steel plate in a wide 
frequency range where the energy of low-frequency road 
noise and high-frequency motor noise is concentrated. 
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1. INTRODUCTION 

Noise reduction in the cabin must be addressed if self-
driving electric cars are to provide a comfortable space for 
work and rest. Compared to cars with internal combustion 
engines, different sounds across different frequency bands 
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will be audible more in the cabin of an electric car. While 
traditional soundproofing materials like urethane, fiberglass, 
and polyester have been employed to block such noises, 
their ability to insulate sound is constrained by the mass 
density law, which requires an increase in weight to 
improve insulation efficacy [1]. 
This study proposes a lightweight meta-panel that is based 
on acoustic metamaterials (AMMs) with exceptional 
acoustic characteristics, such as negative mass density and 
bulk modulus, to overcome the limits of traditional 
materials. The meta-panel is composed of a multi-scale 
lattice structure that is sandwiched between two thin 
membranes, and it exhibits negative effective material 
properties to yield high transmission loss (TL) in separate 
frequency bands. The experimental measurement indicated 
high TLs throughout a wide range of 100 - 1750 Hz after 
we manufactured the meta-panel. Additionally, high 
insertion loss (IL) was examined for both high-frequency 
motor noise and low-frequency road noise of an actual 
electric car. 

2. THEORY AND EXPERIMENTS 

The mass density and bulk modulus, which are acoustic 
material properties of a medium, affect the propagation 
characteristics of sound waves. Both mass density and bulk 
modulus are always positive in natural materials. However, 
acoustic metamaterials can be designed with negative 
effective mass density or negative effective bulk modulus, 
and as a result, they perform better at sound insulation than 
traditional materials [2-5]. 
Specifically, when an acoustic metamaterial has negative 
effective mass density or negative effective bulk modulus 
(𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒  < 0 or 𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒  < 0), the speed of sound 𝑐𝑐  and 
wavenumber 𝑘𝑘 in the medium are determined as follows: 

𝑐𝑐 = �𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒/𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒 and 
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             𝑘𝑘 = 𝜔𝜔/𝑐𝑐 = 𝜔𝜔�𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒/𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒          (1) 
where 𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒/𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒 < 0. 

Here, 𝜔𝜔 is the angular frequency. In Eq. (1),  𝑘𝑘 should be 
purely imaginary (𝑘𝑘 = 𝑖𝑖𝑖𝑖 with 𝑖𝑖 > 0), which leads the 
propagation energy 𝐸𝐸  to meet the following relational 
expression for the wave pathlength 𝑥𝑥: 
                     𝐸𝐸 ∝ 𝑒𝑒−𝛼𝛼𝛼𝛼                (2) 
According to Eq. (2), the energy is reduced exponentially 
along the propagation path. 
In this work, a lightweight meta-panel with negative 
effective mass densities and negative effective bulk 
modulus at two distinct frequency bands has been designed. 
Fabrication and experimental measurements were carried 
out to confirm that the meta-panel can provide high TL with 
a small areal density over a wide range of 100 - 1750 Hz. 
The experimental results demonstrated that the meta-panel 
can reduce road noise and motor noise by over 19 dB while 
weighing just 5% as much as a steel plate with the same 
sound insulation capabilities. 

3. CONCLUSIONS 

We successfully designed and verified a lightweight 
soundproofing meta-panel with negative effective mass 
densities and negative effective bulk modulus based on the 
findings of this work, achieving substantially high 
transmission loss over a wide range of 100 - 1750 Hz. 
While having a weight that is 5% of a conventional 
material’s weight with the same sound insulation ability, the 
meta-panel showed considerable noise reduction for road 
noise and motor noise of an actual electric car. According to 
our work, the meta-panel might be used in a variety of 
industrial domains, such as transportation, construction, and 
home appliances, to efficiently handle noise concerns. 
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