
Numerical-experimental vibro-acoustic characterisation of trim materials using a 
novel test setup 

Numerisch-experimentelle vibroakustische Charakterisierung von Dämmmaterialien 
mit Hilfe eines neuartige Testaufbaus 

S. Jonckheere, M. Vivolo, B. Pluymers, D. Vandepitte, W. Desmet  
KU Leuven, Dept. of Mechanical Engineering, Belgium, Email: Stijn.Jonckheere@mech.kuleuven.be 

Abstract 
In this paper an experimental-numerical approach is presented to study the NVH (Noise, 
Vibration and Harshness) behaviour of trim materials and lightweight structures using a novel 
test setup which allows for a fast and clear characterisation of these materials, together with a 
novel technique for vibro-acoustic simulation, the Wave Based Method (WBM). The 
combination of the high numerical efficiency of the WBM and the versatility of the 
aforementioned test setup shows great potential for the characterisation of trim materials, both 
for internal acoustic configurations and transmission cases.  

Introduction 
Driven by the high commodity prices, the direct material cost and fuel consumptions have 
become key design features of many products. In several kinds of industries (automotive [1], 
aerospace [2], and many more) product manufacturers increasingly use lightweight materials to 
come to a cheaper and lighter final design, without compromising other key features such as 
construction stiffness and safety. However, this lower weight with retained stiffness, may lead to 
strongly reduced noise and vibration insulation properties. This opposes the present day trends in 
product design, where noise and vibration levels are not only imposed by the legislator, with 
always stricter regulations, but have also become a fundamental commercial differentiator. 

To overcome these deteriorated NVH properties, often damping material is added ad hoc in the 
last design stage. However, such non-optimised measures strongly decrease the expected final 
weight gain and can even nullify it. Therefore, the impact of lightweight materials on the NVH 
behaviour of vibro-acoustic systems has to be estimated as early as possible in the product design 
cycle, in order to come to an optimised design. This means that the NVH properties of these 
structures have to be accounted for in the design and development phase, both experimentally 
and numerically. New material developments and the increasing complexity of final products 
often require new experimental practises and numerical methods to study the properties, static 
and dynamic behaviour, of these generation of lightweight components. 

Acoustic noise transmissibility of lightweight structures is evaluated in terms of Transmission 
Loss (TL) [3] according to the standards. Although this technique provides a very good and 
generally valid characterisation of the test specimen, it results in a cumbersome and time 
consuming procedure. Moreover transmission facilities have a very large investment cost. For 
the assessment of acoustic absorption of materials, Kundt’s tube measurements are often used. 
Although these experiments are very easy and cheap to perform, they are mostly based on 
normal incidence of the acoustic waves, thus giving a poor characterisation for oblique 
incidence. Faster, more accurate and more practical tools, models and theories that allow 
material characterisation are necessary to support faster and more intelligent development and 
optimisation in the design process. Therefore a new test setup [4, 5, 6] has been proposed. It 
consists of a small (0.83 m³), mobile (3 ton concrete, supported on a three wheel system) and 
inexpensive single acoustic cavity. Test specimens of different sizes, and thicknesses can be 
tested over a wide frequency range (50-20000 Hz).  



The state of the use numerical schemes for dynamical simulations in the low- and mid-frequency 
region are mostly based on deterministic element based approaches, such as the Finite Element 
Method (FEM) [7] and the Boundary Element Method (BEM) [8]. These methods discretise the 
problem domain (or its boundary) into many small elements in which (typically polynomial) 
shape functions interpolate the nodal values of the physical field. A major problem with these 
methods lies in the fact that with increasing frequency, more elements are necessary to capture 
the dynamic behaviour [9, 10] and as a result the computational load increases. This results in an 
upper frequency limit above which these techniques are no longer useable with a 
computationally acceptable effort. The inclusion of complex damping phenomena even further 
restricts this applicable frequency range. Therefore, these methods can only cover the so-called 
low-frequency region in an efficient way; the mid-frequency region, which is very relevant to the 
modelling of lightweight structures, stays out of reach. To overcome this practical frequency 
limit, a number of so-called mid-frequency methods are currently investigated [11]. One of them 
is the Wave Based Method (WBM) [12] which exhibits a high computational efficiency, thus 
efficiently increasing the upper frequency limit for simulations. 

The presented paper is divided in five sections. The first section gives a general description of 
the test setup as it has been designed and built at KU Leuven. Secondly, the general modelling 
principles of the WBM and its hybrid extensions are discussed. The third discusses the 
experimental and numerical approach to tackle both an internal configuration for the acoustic 
characterisation of damping layers as well as an external configuration for the vibro-acoustic 
characterisation of lightweight panels. The paper is concluded by summarising the results and 
indicating upcoming research. 

The test setup 
This section gives further details about the test setup, which is used for testing and characterising 
noise reduction performance of damping trim layers and lightweight panels. It provides an 
extensive description on the available excitation/acquisition equipment. 

Specifications 
Recent research at KU Leuven delivered a new test setup, depicted in Figure 1. It consists of an 
acoustic cavity to which a flexible component, radiating to the external environment, can be 
mounted. 

The cavity is very compact (0.83 m³ volume, 3 ton weight) and has a dominant modal behaviour 
in the frequency range up to 3 kHz. Five of the six cavity walls are made out of reinforced 
concrete (from 0.150 m to 0.200 m thick), while the front wall consists of a 0.035 m thick 
aluminium plate and can as such be considered acoustically and structurally rigid. The inner 
volume is conceived in order to get a uniform modal distribution in the lower frequency zone, 
thus effectively avoiding coincident acoustic resonances [13], while still preserving a convex 
shape, which is beneficial for the use of the WBM. This requirement led to the actual drawing 
where none of the inner walls is parallel to any of the other. Different configurations of the front 
wall exist with differently sized testing windows. Currently, five front frames are available: a 
fully closed, acoustically rigid wall, and walls with an A4-, A3-, A2- and A1-opening to host test 
samples. 

Both airborne excitation by means of a full-range speaker placed inside the cavity, as well as 
structural input directly applied on the test sample, by using either an electro-dynamic shaker or 
an impact hammer (structure-borne excitation), can be provided. Also, both acoustic and 
structural system response can be measured. For this, the inner volume is equipped with a 
network of microphones, and the structural dynamic response can be recorded using lightweight 
accelerometers or a laser vibrometer. Acoustic power radiated by the vibrating structure can be  
measured by scanning the radiating surface with an intensity probe or a pu-probe. 



 

Figure 1: Inner cavity dimensions (left) – Outer cavity geometry (right) 

The Wave Based Method 
The WBM [12, 14] is a deterministic prediction technique for solving steady state dynamical 
problems, such as vibro-acoustic problems, and is as such an alternative1 to the classical element 
based methods such as the FEM and the BEM. It is based on an indirect Trefftz approach [15] in 
that it uses exact solutions to the governing differential equation(s) as approximation functions 
for the dynamical field variables. 

Modelling procedure 
The modelling procedure of the WBM generally consists of four steps: 

1. The problem domain is partitioned into a number of convex (sub)domains. 

2. The steady-state dynamic pressure field 𝐩(𝐫), is approximated by a solution expansion 
𝐩�(𝐫) in terms of wave functions 𝛟𝐰(𝐫): 

p(𝐫) ≅ p�(𝐫) = � pwϕw(𝐫)
nw

w=1

+  p�q(𝐫) [Pa] (1) 

For more information on the used wave functions ϕw(𝐫) and particular solutions p�q(𝐫), 
the reader is referred to [16] and [17], for bounded and unbounded acoustic problems, 
respectively. 

3. Construction of the small WB system. 

4. Solution of the resulting system of equations, yielding the wave function contribution 
factors 𝐩𝐰. In a post-processing step, these lead to the desired dynamic variables or 
derived dynamic variables. 

Hybrid approaches 
As the WBM requires convex subdomains to ensure convergence, this can lead to a large number 
of subdomains and a large number of interface surfaces for geometrically complex problem 
geometries. This way, the model building time and model size strongly increase. This poses a 
limitation on the application of the WBM. Therefore, for geometrically more complex cases, 
hybrid methodologies have been developed and are under continuous research. In this family of 
hybrid methods [18, 19, 20, 21] the strong points of the WBM are combined with those of the 
FEM (Table 1). 

 

 

                                                 
1 For an elaborated discussion on the WBM and its positioning against the FEM and BEM, the reader is referred to a 
selection of publications on the general principle of the WBM [12], its application to 3D bounded acoustics [16], its 
application to 3D unbounded acoustics [17] and its hybrid extensions [18, 19, 20, 21]. 



 FEM WBM 
Model size Large Small 
Convergence rate Medium High 
Frequency range Low Low + Mid 
Geometrical complexity High Moderate 

Table 1: Properties comparison between the FEM and the WBM 

In practise, this means that the computationally efficient WBM is used for geometrically simple 
subvolumes and that from there on, the FEM is used towards the fine geometrical details.  

Benefits of the (hybrid FE-) WBM 
The added value of the WBM and its hybrid extensions is two-fold. 

Firstly, the WBM has a better convergence behaviour than the classical element based 
techniques for problems of low geometrical complexity because it incorporates a priori 
knowledge about the solutions of the problem. As a result, a larger frequency band can be 
studied than with the conventional methods at a comparable cost, or less time is needed for the 
same frequency band. 

Apart from higher prediction accuracy for a given computational cost, the WBM offers a second 
advantage in the form of modelling flexibility. Changes in boundary conditions or input/output 
locations, or setup configuration, are easily made as no complex (matching) meshes are required. 
This allows the user to efficiently test different configurations using one template model. 

Examples of combining the experimental with the numerical approach 
This section discusses some of the configurations in which the test setup can be used and how a 
(hybrid FE-) WB model can be constructed to efficiently model these configurations, enabling 
the efficient interpretation of measurement results and identification of important setup- and test 
specimen parameters. 

Internal configurations 
For internal configurations, the front wall is fully closed. 
Experimental 
Airborne excitation by means of a full-range speaker is foreseen inside the cavity. The setup 
easily allows for the inclusion of damping materials inside, most often on the cavity floor. The 
acoustic pressure response is measured in response points by means of an array of microphones 
(see Figure 2). This way, the acoustic absorption of the floor mat, be it globally or patch wise, 
can be readily assessed. 

 
Figure 2: Measurement setup with damping floor mat 



Numerical 
As the acoustic cavity of the test setup consists of one convex volume, it can be modelled using a 
single WB domain. Figure 3 gives the shape of the domain, which corresponds to the inner 
dimensions of the sound box. All cavity boundaries can be considered acoustically rigid and the 
loudspeaker is modelled as an acoustic volume velocity source (  ).The results are collected and 
post-processed for a number of measurement points (o). 

The impact of the damping layers on the floor can be assessed in several ways [22]. The easiest, 
yet most approximate manner is by replacing the damping layer by an acoustic impedance value. 
Equivalent fluid models, are equally possible by including a second WB domain with complex 
fluid properties. Recent developments in the hybrid FE-WBM [21], however, led to the coupling 
of full Biot FE models with a WB description for acoustics (see Figure 3), thus efficiently 
incorporating the three wave types which typically occur in this type of materials.  

This way not only experimentally observed absorption values can be numerically verified, but 
also important material characteristics, ranging from absorption values to Biot parameters [23], 
can be characterised using inverse techniques. 

 

Figure 3: Wave Based model of the cavity with response points o and volume velocity source  , 
coupled in a hybrid manner to a FE model for the trim layer. 

External (radiation) configurations 
The external configuration of the sound box allows for sound radiation into the environment 
through a window in the front wall, be it open or hosting a test sample. 

Experimental 
The key difference with the internal cases is that the front wall no longer is completely closed; it 
now has a window, that can range from A4 to A1-size. This window can be left open (e.g. Figure 
4), thus allowing the box to directly radiate sound to the environment. Using a 10 mm thick 
frame with a double bolt row, a test specimen can be effectively clamped to the front wall. This 
way, indirect radiation through the test panel can be evaluated. 



 

Figure 4: Intensity measurement for the case with the open test window 

Two measurements – one with and one without the test panel mounted – suffice in order to 
determine the acoustic Insertion Loss (IL).  In both configurations, the radiating surface, be it the 
open window or the plate mounted in the window, is scanned using an intensity probe. After an 
averaging step over the number of measurement points, the IL is easily calculated using the 
following equation: 

IL = 10 log P𝐨𝐩𝐞𝐧
P𝐜𝐥𝐨𝐬𝐞𝐝

 [-] (2) 

When evaluating IL, one should bear in mind that it accounts also for the cavity modal behaviour 
and for the mutual coupling with the test sample dynamics, contrarily to the Transmission Loss 
(TL), which only incorporates panel behaviour and does not account for strong mutual vibro-
acoustic coupling. However, in many typical applications (e.g. a car cavity), the vibro-acoustic 
coupling is very pronounced. The use of the IL on the sound box can thus be considered to be 
closer to the application. The fact that there no longer is a general, setup independent, 
characterisation is a small price paid for the increased versatility and the easiness to compare 
different configurations.  
Numerical 
For both the open case, as for the case with the panel, a separate WBM counterpart has to be 
considered. Compared to the bounded WB model, a number of modifications are necessary. 

Since the interface between the test window and the cavity does not cover the whole frontal 
surface of the acoustic cavity, a division into subdomains is desirable to prevent discontinuous 
boundary conditions, which could slow down the convergence. This results in 9 internal 
subdomains as illustrated in Figure 5 by the dotted lines (......). 

Secondly, since the sound propagates through the test window, also the acoustic domain exterior 
to the cavity has to be modelled. Figure 5 shows the hemispherical truncation sphere (___) where 
the transition between the bounded WBM and the semi-unbounded WBM is made. This ensures 
radiation into a hemispherical space. Within the truncation hemisphere, 6 additional bounded 
domains are added. These are, however, not drawn in order not to overcomplicate the figure.  

The difference between the model for the open case (Figure 5 left) and the closed case (Figure 5 
right) is in the coupling terms between the interior bounded and exterior bounded domain at the 
window. For the open case, these domains are directly coupled to each other. For the case with 
panel, the interior bounded and exterior bounded domain are coupled through the panel FEM 
model, but there is no direct coupling between the two. 



  

Figure 5: Hybrid vibro-acoustic FE-WB model: Open (left) and With panel (right) 

Illustration of the numerical-experimental approach 
As discussed earlier, the WBM straightforwardly allows for model modifications, such as 
different panel configurations, boundary conditions, reinforcements without expensive 
remeshing steps. The combination of the experimental with the numerical approach again 
facilitates easy measurement interpretation and could allow for material identification. 

This is illustrated by the following case. For this, transmission through a 3mm Aluminium A4 
panel is studied. The clamping frame, which is designed to effectively clamp the sample to the 
box, is replaced by clamped edges boundary conditions. However, when comparing the 
experimental IL (Figure 6) with the simulated, clear discrepancies can be seen; both the level as 
the position of the dips suggests that the panel boundary conditions are too stiff.  

 

Figure 6: Experimental vs. numerical IL for clamped boundary conditions 

Through updating of the boundary conditions from an infinite rotational stiffness (clamped case) 
to a finite value (intermediate case between clamped and simply supported). This resulted in a 
value of 5300 Nm/rad/m, which is still quite stiff, but can accurately predict the IL over a wide 
frequency range (Figure 7). 

 

Figure 7: Experimental vs. numerical IL for updated boundary conditions 



Conclusions 
This paper presents the synergies in vibro-acoustic characterisation of lightweight materials, 
arising from two important research lines at KU Leuven. Firstly, a new test setup, the sound box, 
allows for fast and easy measurements of both noise reducing trim mats as well as lightweight 
panels of A4-, A3-, A2- and A1-sizes. The setup shows a high versatility, both in excitation 
(airborne by means of a full-range speaker or structural by means of an electro-dynamic shaker 
or an impact hammer) as in response acquisition (acoustic by means of microphones or intensity 
probes or structural by means of lightweight accelerometers). The second research line towards 
efficient numerical simulation schemes, such as the Wave Based Method, makes it possible to 
efficiently simulate vibro-acoustics over a broad frequency range.  

Two configurations are discussed. In the first configuration, the acoustic cavity is completely 
sealed. By placing a damping trim layer on one of the internal cavity walls, the acoustic 
properties of these layers (such as the absorption) can be identified. The second, external 
configuration, allows for the identification of the transmission characteristics (such as the 
Insertion Loss) of lightweight panels.  

The setup can be used either on its own, to experimentally test the material characteristics, as 
well as in an inverse experimental-numerical approach. This combined numerical-experimental 
approach can possibly lead to a very efficient method for in situ material characterisation. Using 
a parametric template model of the setup, based on the computationally efficient WB model, 
material parameters can be estimated, using a limited number of measurements on the test setup. 
In first instance for example the acoustic absorption coefficients, equivalent Young’s moduli or 
transfer relations will be estimated. The combined approach might even be used to 
macroscopically determine hard-to-measure variables, such as the Biot parameters for 
poroelastic foams [23]. This is a valuable subject for further research. 
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