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Abstract
Vibro-acoustic metamaterials have shown to be an interesting candidate for improving the noise and vibration
behaviour of lightweight systems. Recent studies have reported this new concept to significantly attenuate
vibration or reduce acoustic transmission for targeted and tunable frequency ranges, referred to as stopbands.
The resonant-based metamaterials can be applied to a wide range of designs and are producible by a variety
of manufacturing process, making their design process a challenging and highly experience driven task.
This paper discusses a design tool for metamaterials which evaluates their NVH performance for several
combinations of designs and production processes. The proposed tool allows to obtain a metamaterial design
based on its predicted NVH performance through the creation of solution spaces. These spaces are generated
considering the main metamaterial performance indicators, such as stopband location and width, vibration
attenuation and transmission loss.

1 Introduction

Increasing customer requirements and more restrictive regulations have driven the Noise and vibration Harsh-
ness (NVH) behaviour into a key design criterion of products and machines. Ecological trends, however,
reduce the applicability of traditional (heavy) NVH solutions. In view of this challenging task of merging
NVH and lightweight requirements, novel solutions are required.

Vibro-acoustic metamaterials have potential to be candidates for superior lightweight NVH insulation, be it
at least in a specific target and tuneable frequency region, referred to as stopbands [1]. These stopbands re-
sult from resonant cells arranged on a subwavelength scale of the host structure on which they are embedded
[2, 3, 4]. Previous papers from the authors explained the resonant based metamaterials working principles,
listed their driven parameters [5] and showed, both numerically and experimentally, the potential for acous-
tic insulation [1, 6] and vibration reduction [7] in a low frequency zone. More recently, tools to predict
transmission loss and vibration attenuation have been developed and validated based on the application of
dynamic mass and the acoustic mass law [8, 9].

This article discusses the introduction of a design tool for these vibro-acoustic metamaterials and is struc-
tured as follows. Section 2 discusses the rationale of the metamaterial concept and describes the numerical
prediction of the stopband behaviour, transmission loss and vibration reduction for a given design. Section
3 and 4 describe the rationale and the implementation of the design tool, respectively. The article ends with
the main conclusions.
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2 Resonant based metamaterials

Metamaterials with stopband behaviour can be obtained through a variety of materials and combinations.
However, two conditions need to be met:

• Resonant cells have to be added to a host structure on a scale smaller than the structural wavelengths
to be influenced [2],

• The net sum of the forces on the hosting structure contributed by a resonant system should be non-zero
[10].

The type of eligible designs for these resonant additions heavily depend on the structure to which the resonant
systems are added. Figure 1 shows a first example of a periodic metamaterial. The host structure is a
rectangular core sandwich panel. The internal cavities of this periodic core sandwich panel allow inclusion
of the resonant systems while the combination of excellent mechanical properties and low mass can be
obtained. For the resonant structure, a design is chosen that resembles a mass-spring system: two thin legs
are used to connect a heavy mass to a host structure (Figure 2). The connection legs will determine the
stiffness while the thick part of the resonator will determine the mass of this resonant structure.

Figure 1: Picture of the acoustic demonstrator as shown via the following link https://youtu.be/
tOch_GsGaXg

Figure 2: Type of resonant structure to be added in a periodic core to obtain stopband behaviour

A second design is shown in Figure 3. The resonant structures, or resonators, are made through laser cutting
of a Plexiglass (PMMA) plate and are designed as cantilever beams with an end point mass, and supporting
feet to glue the structures to a flat surface.
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Figure 3: Resonant structure (blue) to be added to a flat surface (grey) to introduce stopband behaviour

To assess whether the addition of these resonant structures will introduce a stopband, the wave propagation
needs to be investigated. From literature, it is known that wave propagation through infinite periodic struc-
tures can be investigated by means of unit cell modelling [11, 12]. Based on an undamped Finite Element
(FE) model of the unit cell and the application of periodicity boundary conditions, dispersion curves for
freely propagating waves in an infinite periodic structure can be derived. Frequency zones for which no so-
lutions are found, correspond to frequency zones without free wave propagation and thus a stopband region.
Thus, by building a FE model of the unit cell of a metamaterial, both the resonance frequency of the resonant
structure and the dispersion curves can be calculated.

As an example of the effect of these stopbands, Figure 4 shows the vibration levels along different sections
of a metamaterial duct (Figure 5), together with the numerically predicted stopband, for a duct that is excited
at section 0. More details on the design and the measurements can be found in reference [7]. A picture of
the duct itself is shown in Figure 5. The predicted stopband zone clearly corresponds to the zone of reduced
vibrations.

Figure 4: Vibration levels along the duct of Figure 5 with the inclusion of the resonant system design of
Figure 3.
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Figure 5: Picture of the PVC duct with added resonant systems of Figure 3 to induce stopband behaviour.

Figure 6 shows a third example of a metamaterial solution applied to a twin sheet thermoformed panel. In
this case, the resonant system is created by milling slits in the thermoformed panel; the unit cell is shown in
Figure 7. More details and experimental validation of this design, can be found in reference [9].

Figure 6: Thermoformed metamaterial twin sheet panel, produced by Vitalo.
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Figure 7: Thermoforming resonant structure made by the slits cuts in the structure

3 Design tool for vibro-acoustic metamaterials

The existing design process of metamaterials still corresponds to a non-trivial procedure, that requires a num-
ber of design iterations. The stopband frequencies and stopband width depend on design parameters such as
material properties, geometric dimensions of the design, mass addition and resonator spacing. Furthermore,
limitations regarding the possibilities of the production process and boundary conditions of the applications,
e.g. allowable added weight and space, need to be taken into account. In the typically used design process
the resulting metamaterial performance parameters are only obtained at the end of the process (Figure 8),
resulting in an iteration over the design parameters until the required NVH performance is reached.

Figure 8: The typically used metamaterial design process flow

3.1 Design tool approach

The proposed approach focuses on the ability of evaluating the feasible metamaterial designs according to
their expected NVH performance. Therefore, a tool is created which allows to compare different metama-
terial designs, for a given design concept and under specific aplication dependent restrictions, and gives the
best elegible design parameters for the required application.

This tool calculates, for all eligible designs, the metamaterial performance parameters such that the best
suitable design can be selected. The designs can be evaluated based on the following criteria: frequency
range, material, size limitations, type of metamaterial design concept. To ease comparison, the solutions
are mapped onto solution spaces, which show, for a combination of criteria, the best performing designs.
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Different solution spaces for the application can be defined according to customer requirements, such as the
stopband width [Hz], peak transmission loss [dB], expected vibration attenuation per UC decay [dB] and
the target resonance frequency [Hz], with adjustable constraints, such as the resonator mass [kg] and volume
[m3]. A summary for the methodology of the proposed design tool is presented in Figure 9.

Figure 9: Schematic representation of the design tool approach

3.2 Implementation of the Design tool

The design tool allows to generate solution spaces for a chosen resonator design concept and allows to take
into account limitations of the application. In this section, an example of the design tool is presented for the
design concept shown in the Figure 10.

Starting from a chosen design concept, a parametric model is implemented for which the design parameters
can be changed. In the example of this section, this design consists of a 2D cantilever resonator design
extruded to obtain a 3D object. A sketch of the 2D design is shown on left side of Figure 10, and an
isometric view is given at the right side. The design was parametrized according to the design parameters
indicated in the Figure 10.

Figure 10: Dimension parameters related for the metamaterial design concept of the Figure 3.

A Monte Carlo simulation is performed from the parametrized model. Figure 11 shows the iteration process
through the parameters listed as ”C”, ”D”, ”E”, ”F” and ”Thickness” on the Figure 10. The complete iteration
process generates a data set containing the stopband frequencies, transmission loss and vibration reduction
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for all eligible designs for the given concept. The tool then allows to sort the data such that at each point in
the desired solution space the design with the highest selected performance parameter is shown.
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Figure 11: Schemes for the iteration process through the design parameters, (a) Beam parameters, (b) thick-
ness

Depending on the customer constraints and application considerations the solution spaces will be different.
In order to present an example of a solution space, Table 1 shows a set of customer constraints and design
parameters. Figure 12 presents a solution space for the design concept of Figure 10, as a function of the peak
transmission loss, the middle frequency of the stopband and the stopband width. This tool allows to evaluate
the effect of setting certain constraints and to select the design concept obtaining the best performance.

Resonator material Plexiglass
Target frequency [Hz] 750− 850

Peak transmission loss [dB] > 10

Table 1: Design and NVH parameters for the example of the application of the design tool.
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Figure 12: Example solution space obtained for target resonance frequency [Hz], peak transmission loss
[dB], and stopband width [Hz].

Considering the target frequency in Table 1, it is possible to select the desired outcome from the solution
space (Figure 13a), for which then the resulting metamaterial design is shown (Figure 13b). Furthermore,
the results for transmission loss considering a diffusive field and vibration attenuation can be obtained from
the given selection [8] to review if the desired outcome is achieved; Figure 14 shows the results for both.
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Figure 13: (a) Selection of optimal resonator design from solution space, (b) resonator design selected from
the solution space
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Figure 14: (a) Transmission loss for diffusive incidence acoustic field, (b) Structural vibration decay rate in
propagation direction.

4 Conclusions

Vibro-acoustic metamaterials show a high potential as lightweight NVH insulation, be it at least in targeted
frequency ranges, referred to as stopbands. The design of the metamaterial is, however, often experience-
based and requires an iterative process. This paper discusses a design tool to facilitate the design of resonant
metamaterials to improve NVH behaviour. The design tool is based on a parametrized model of a metamate-
rial concept and allows to visualize solution spaces, taking into account the application specific limitations.
This allows the user to select the desired performance, and link it with a suitable design.
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