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Abstract 

In the presented work, vibroacoustic metamaterials are 

designed and tested for an application in a vibroacoustic-

optimized vehicle door. The focus of this work is the 

implementation of resonator concepts to different components 

of a vehicle door. Concepts suitable for large-scale 

production, which were designed and validated in previous 

works, are applied to simplified as well as more complex 

representative components of vehicle doors. The resonators 

are designed to achieve vibration reduction in the frequency 

range around 500 Hz, considering geometric complexity and 

requirements to installation space. The proposed concepts are 

investigated numerically and tested experimentally on 

demonstrators. Based on the investigations a favored concept 

will be chosen to be implemented in a complete vehicle door 

demonstrator in future work. This will enable comparison of 

the vibroacoustic metamaterial effectiveness to conventional 

state-of-the-art solutions. 

Introduction 

Current trends in the automotive sector, such as electrification 

and autonomous driving lead to new challenges in noise, 

vibration, and harshness (NVH) requirements. Furthermore, 

comfort oriented NVH features become more important [1]. 

In terms of light weight and compact design, conventional 

measures are reaching their limits. This leads to a demand for 

lightweight, effective, and broadband frequency vibration 

reduction. 

In the past years, vibroacoustic metamaterials (VAMM) have 

come to the fore as a promising solution to overcome the 

before-mentioned challenges [2,3,4]. This work will focus on 

VAMM based on local resonance effect for elimination of 

elastic waves in plate-like structures shown in Fig. 1. The so-

called stop band behavior is induced by attaching local 

resonance structures on a subwavelength scale.  

 

Figure 1: Concept of VAMM based on local resonance 

effect for elimination of elastic bending waves in plate-like 

structures - a) unit cell and b) cell compound 

 

 

Due to the compact, flexible and lightweight design of 

resonator compounds to achieve a tunable stop band behavior, 

VAMM show a great potential in NVH. To enable industrial 

application, VAMM concepts suitable for large-scale 

manufacturing processes have been presented in previous 

work [5]. In the presented work, those concepts are adapted 

for the application in a vehicle door. The goal is to reduce the 

structure-borne sound in the vehicle door under dynamical 

load of subcomponents, such as the window regulator motor. 

For a demonstrator, an empty door body shell is considered. 

The VAMM is designed to lead to a peak amplitude reduction 

of more than 10 dB with a minimum stop band width of 

100 Hz in a frequency range around 500 Hz. To achieve this 

goal, the numerical design of the VAMM in the vehicle door 

is presented first. Then, two previously developed resonator 

concepts are adapted and manufactured for experimental 

validation on curved plate demonstrators. In the end, the next 

steps within the research are presented. 

Numerical Design 

In the following, the VAMM is numerically designed for the 

application in a vehicle door. Therefore, the resonator 

parameters, shown in Fig. 1 a) are designed to achieve the 

specified vibration reduction for a relevant use case on a 

validated finite element model. 

Finite Element Model Validation 

As a baseline for the VAMM design, a finite element model 

of the vehicle door is created. Therefore, the vehicle door 

body shell, consisting of the exterior sheet, interior sheet and 

diverse stiffeners is modeled using shell elements. The sheets 

are made of steel with varying thickness from 0.5 mm to 

2.5 mm. The resulting model is shown in Fig. 2 a). For model 

validation an experimental modal analysis is performed. The 

door is suspended on flexible ropes and excited using a 

shaker, shown in Fig. 2 b). By measuring vibration velocities 

using a laser scanning vibrometer relevant eigenmodes and 

eigenfrequencies of the exterior sheet can be evaluated. 

 

Figure 2: Vehicle door: a) Finite element model and  

b) Setup for experimental modal analysis 
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For the model validation, the numerical and experimental 

results are compared using the modal assurance criterion 

(MAC) for the eigenmodes and the fractional frequency error 

for the eigenfrequencies. With a MAC of more than 80% and 

a fractional frequency error under 5% for the relevant 

eigenmodes and eigenfrequencies in the lower frequency 

range, the model is satisfying validated. 

Reference Harmonic Analysis 

To analyze the dynamical behavior of the empty vehicle door 

body shell, a reference harmonic analysis is performed. In 

Fig. 3 a), the defined local force excitation on the interior 

sheet is shown, representing the dynamical load induced by 

subcomponents, such as the window regulator motor. For 

evaluation of structure-borne sound, the vibration on the 

exterior sheet is evaluated on the highlighted area in Fig. 3 b). 

The averaged acceleration frequency response function (FRF) 

is calculated as a baseline for the VAMM design. 

 

Figure 3: Reference harmonic analysis of vehicle door:  

a) local force excitation on interior sheet (red dot) and  

b) harmonic displacement field at 500 Hz and highlighted 

surface (orange) for vibration evaluation 

Design of VAMM Model 

For the VAMM design, discrete resonator models, shown in 

Fig. 1, are integrated in the validated vehicle door model to 

induce a stop band behavior in the propagation of structure-

borne sound. In Fig. 4 the favored VAMM configuration, with 

an integration of 154 resonators in the exterior sheet is shown. 

The unit cell length �� is designed to be smaller than 60 mm, 

based on the subwavelength criterion for bending waves with 

wave frequency of 500 Hz. The resonators are designed to 

show a resonance frequency of 500 Hz, a mass of 2.5 g and a 

damping ratio of 0.5 % each.  

 

Figure 4: Discrete local resonators on exterior sheet for 

stop band creation 

To analyze the stop band behavior of the presented VAMM 

configuration, a harmonic analysis is performed. In Fig. 5 the 

averaged acceleration FRF of the VAMM door is compared 

to the results of the reference door. A strong stop band 

behavior can be seen in the frequency range from 450 to 

600 Hz, shaded in green. In this frequency region, an 

amplitude reduction of more than 10 dB is achieved. 

Therefore, the VAMM configuration satisfies the given 

performance specifications. 

 

Figure 5: Simulated averaged acceleration FRF of the 

reference door (blue) and the VAMM door (orange) and the 

induced stop band (green) 

Experimental Validation 

For the validation of the resonator design and manufacturing 

process for the vehicle door application, two resonator 

concepts are tested on demonstrator level. The resonator 

concepts have been developed and tested on planar plates 

in [5]. For the integration of the resonator concepts in the 

exterior sheet of the door, the validation on curved and more 

complex plates is required. The curved plate demonstrator 

used in the following represents a cutout of the exterior sheet. 

The two designed, manufactured and tested VAMM 

demonstrators are presented in the following. 

Metal Concept 

In Fig. 6 the demonstrator for the metal concepts is shown. 

The demonstrator consists of 5 compounds made of 20 beam-

type resonators each, enabling an efficient handling of the 

VAMM. The compounds are produced using punching and 

bending machines, representing scalable production 

processes. The compounds are attached to the curved plate 

demonstrator using an industrial double-sided adhesive tape, 

which is commonly used in automotive application.  

 

Figure 6: VAMM demonstrator for experimental validation 

of the metal concept 

For the experimental analysis the demonstrators are 

suspended on flexible ropes, ensuring free-free boundary 

conditions. The plate is excited using an automatic impulse 

hammer in a single location. The vibration velocity of the 

plate is measured using a scanning laser vibrometer on 5x6 

reflecting patches. Based on the measurements, the averaged 

acceleration FRF is calculated and shown for the reference 
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plate (blue) and the VAMM demonstrator (orange) in the 

frequency range up to 1000 Hz in Fig 7. The reference plate 

shows an undamped behavior with several resonance peaks. 

For the VAMM plate a strong stop band behavior can be seen 

in the frequency range from approx. 300 to 800 Hz (green). A 

peak amplitude reduction of 20 dB is reached at 500 Hz. The 

wide and flat character of the stop band most probably results 

from resonator damping induced by the adhesive tape. 

Additionally, uncertainties in the resonator eigenfrequencies 

could lead to a wide stop band. 

 

Figure 7: Measured averaged acceleration FRF of the 

reference plate (blue) and the VAMM plate with metal 

concept resonators (orange) and stop band (green) 

Plastic Concept 

In Fig. 8 the curved plate demonstrator with 10 compounds of 

the plastic concept is shown. Each compound consists of 7 

beam-type resonators with a tuning tip mass, which are 

designed for injection molding production. For prototyping, 

the resonator compounds are produced using additive 

manufacturing. The compounds are attached to the 

demonstrator plate using a two-component reactive adhesive. 

 

Figure 8: VAMM demonstrator for experimental validation 

of the plastic concept 

For the experimental analysis of the stop band behavior the 

demonstrator is suspended on flexible ropes, excited by 

impulse hammer and evaluated using a scanning laser 

vibrometer. For the plastic concept demonstrator, the 

averaged acceleration FRF is shown and compared to the 

reference plate in Fig. 9. In the frequency range over 300 Hz 

(green) a strong stop band behavior can be seen. A peak 

amplitude reduction of 20 dB is reached at 400 Hz, the 

resonance frequency of the resonators. The flat character of 

the stop band is driven by the high material damping of the 

plastic. Therefore, the effect is present in the whole analyzed 

frequency range up to 1000 Hz. 

 

Figure 9: Measured averaged acceleration FRF of the 

reference plate (blue) and the VAMM plate with plastic 

concept resonators (orange) and stop band (green) 

Conclusion & Outlook 

The presented work shows the design of VAMM for the 

structure-borne sound reduction in a vehicle door body shell. 

Using a validated finite element model of the door and 

discrete resonator models, a favored VAMM configuration is 

found. For the validation of the VAMM, two resonator 

concepts, suitable for large-scale production processes are 

designed and manufactured for a curved plate demonstrator. 

For both demonstrators a strong stop band behavior is present 

in the experimental validation. The next step within the work 

will be the integration of the validated resonator compounds 

in the vehicle door to validate the stop band behavior on the 

door demonstrator level. Furthermore, the influence of the 

VAMM to the sound radiation of the vehicle door has to be 

investigated. Also, a comparison of the VAMM to 

conventional NVH measures has to be performed. 
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