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Abstract 
NVH applications, both in the automotive and aerospace industries, resort to poro-elastic and visco-elastic 

materials, frequently configured in multiple and sandwiched layers, to improve the acoustic transmission 

properties of structural panels. In a numerical context, the evaluation of the transmission loss of such 

treated panels is commonly performed using finite element models. A computationally less expensive 

alternative consists in using a locally-reacting transfer matrix to model these composite trim components.  

This paper presents the implementation inside a commercial finite element software of the transfer matrix 

method for trim component modelling, supporting a spatially variant thickness definition. The method 

validity in terms of addressable frequency range is demonstrated on multiple simple configurations and 

applied on an industrial model for the transmission loss evaluation of a trimmed firewall panel. 

1 Introduction 

NVH applications, both in the automotive and aerospace industries, resort to poro-elastic and visco-elastic 

materials, frequently configured in multiple and sandwiched layers, to improve the acoustic transmission 

properties of structural panels. In a numerical context, the evaluation of the transmission loss of such 

treated panels is commonly performed using finite element models. The trim component layers are 

modelled, for porous materials, through formulations based on the Biot theory and, for visco-elastic 

materials, through frequency-dependent complex material properties.  

At component level, direct methods are practicable for the transmission loss evaluation of the trimmed 

panel. At system level, where the objective is the assessment of the full trim package impact on the vibro-

acoustic response, the model size may become prohibitive for direct simulation and reduced impedance 

methods are advantageously selected. Though, an alternative to such strategies consists in using a locally-

reacting transfer matrix to model these composite trim components. Indeed, such approach eliminates the 

need to mesh the trim component, therefore providing significant gains in engineering time at model 

setup, and allows to reduce the size of the vibro-acoustic model, leading to faster computations. 

Nevertheless, it assumes local reaction and normal incidence, which a priori precludes the use of transfer 

matrices over the whole frequency range. 

This paper presents the implementation inside a commercial finite element software of the transfer matrix 

method for trim component modelling. The strategy relies on the analytical construction of the equivalent 

properties of a composite trim in the form of a total transfer admittance matrix, by combining the 

analytical transfer admittance matrices of the different layers. The transfer admittance matrix of each layer 

relates the degrees of freedom at the top and the bottom of that layer in the normal direction, the transverse 

coupling between degrees of freedom being neglected.  
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This paper also studies the method validity in terms of addressable frequency range. The transfer matrix 

method is demonstrated on simple configurations involving transmission through acoustic fluid layers, 

visco-elastic layers and poro-elastic layers. In each configuration, a comparison with a refined finite 

element model is presented and conclusions are drawn with respect to the validity of the method. Finally, 

the applicability and efficiency of the method is demonstrated on an industrial model for the transmission 

loss evaluation of a trimmed firewall panel. 

 

2 Transfer matrix method implementation 

The simple 1D Trim modelling use a variant of the classic Transfer Matrix Method (TMM [1]), based on 

Schur reduction instead of matrix multiplications. 

The Trim is composed of a stacking of different layers that can be porous but also fluid or solid. Each 

layer is characterized by a frequency dependent Transfer matrix 𝑻(𝑓), which represents a linear relation 

between top and bottom primary-variable (fluid pressure p, solid displacement u) and corresponding flux-

variable (average normal velocity, total normal stress). Those linear relations can be expressed in different 

ways, by selecting main and dependent variables.The classic TMM method expresses top primary and flux 

variable as a function of bottom primary and flux variable, so that layers can be combined using simple 

matrix multiplications. 

 

Figure 1: Trim made of stacked layer, described by top/bottom primary and flux variables 

Our variant expresses top and bottom flux variables in function of top and bottom primary variables. As 

primary and flux variables have been chosen so that inter-layer coupling condition are as simple as 

possible (continuity of primary variable, cancelation of flux variables), layers be combined in a way 

similar to 1D finite element assembly. At each interface, the equality of the primary variables is trivially 

achieved by using a single DOF for both layers, and the sum of normal flux variables to be equal to 0. 

Each layer can be seen as a single element whose dynamic stiffness matrix is the transfer matrix, but 

contrary to classical finite element, the shape functions are frequency-dependent analytical solution of the 

layer wave equations.  

To get the transfer matrix of the whole layer stacking, all the primary interface variables are eliminated, 

keeping only the topmost and bottommost variables. The Schur complement obtained after the elimination 

of the internal primary variable is the stacking transfer matrix, in a format (Primary-variable   Flux-

variable) that is completely equivalent to the one used for describing a single layer. 

Similarly to classic multiplicative TMM method, this method can thus be applied recursively, sets of 

layers being homogenized into a macro-layer that can itself be included in a macro-stacking. 

The advantage compared to the multiplicative method is an easier coupling between different layers, 

especially when combining solids, fluids and porous types, together with easier treatment of alternative 

coupling conditions (impervious, sliding, glued, added mass and stiffness at the interface,…). Moreover, 
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because primary and flux variables are selected the same as classic Finite elements, both the layer transfer 

matrix and the final stacking transfer matrix can be directly used in a FE code as pseudo-elements. 

Drawback is a slightly more costly Schur-reduction (compared to matrix multiplication) for layer 

homogenization, which however does not impact the global performance for our applications. 

3 Validity of the method 

The implemented method allows to model multiple layers of different materials, including fluid, solid or 

poro-elastic materials. It can couple either fluid or structural degrees of freedom on each side of the 

coupling interface. In order to cover the broad range of possible applications, four different configurations 

are assessed: 

 The structural transmission of a foam between two structural plates (U-U coupling) 

 The acoustic transmission of a rigid porous (P-P coupling) 

 The acoustic radiation of a plate covered by a foam (U-P coupling) 

 The acoustic radiation of a plate covered by a foam and a heavy septum (U-P coupling) 

Each model is loaded using local point loads or incident plane waves to ensure sufficiently complex 

excitation with both normal and transverse components, to better asses 1D trim model validity when 

compared to a Finite Element modal.  

 

Figure 2: Covered configurations 

3.1 Structural transmission 

The handled configuration consists in a 3mm supported steel plate covered by a layer of foam of varying 

thickness and a 2.5mm heavy septum. The handled foam is a typical foam used in the automotive industry 

to insure structural decoupling with a heavy layer and is used for floor panels. The thickness of the 

intermediate porous layer is varying between 1cm to 4 cm. The foam and septum properties are the 

following: 

 Foam Septum 

Airflow Resistivity: σ (kNs/m
4
)  43.5 - 

Porosity: Ω 0.921 - 

Tortuosity: α∞  1.74 - 

VIBRO-ACOUSTIC MODELLING AND PREDICTION 4513



Viscous Length: Λ (μm) 50 - 

Thermal Length: Λ’(μm) 120 - 

Solid density: ρ (kg/m³) 883 3800 

Young modulus: E (kPa) 14.7 77400 

Loss factor: η 0.35 0.21 

Poisson ratio: ν 0 0.35 

Table 1: Material properties of porous and solid materials 

A 2D quadratic model of this configuration of a width of 2.4m is created to model the structural behavior 

of this coupling. Each solid layer is modeled using 1 element along their thickness, and a minimum of 16 

elements is used along the porous layer to insure a convergence of the Finite Element model. A local point 

load is applied at 0.342m from the border insuring a non-normal behavior of the model. In the transfer 

Matrix model, the porous layer is replaced by an incongruent interface including the transfer matrix. In 

this configuration, both the steel plate and heavy septum remains modeled in finite elements. The transfer 

matrix used varies from point to point as local thickness is used in the procedure described in section 2. 

When analyzing the structural response of the model both on the steel plate and the solid septum (as 

shown in Figure 3 and Figure 4), a first lower part of the spectrum shows the mass – spring – mass 

resonance behavior of the system that occurs. In this part of the spectrum, the structural deformation of 

both foam and septum follow the deformation of the steel. This generates global transverse damping 

effects which are not captured by the transfer matrix method.  
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Above this frequency, a structural decoupling between the steel plate and heavy layer is observed, shown 

by the decrease of velocity on the heavy septum. 

 

Figure 3: Structural response of the steel plate 
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Figure 4: Structural response of the heavy septum 

The comparison of Finite Elements models with Transfer Matrix models shows globally a good 

correlation in this frequency range. When modifying the thickness of the porous layer, the correlation 

between both methods tends to appear at lower frequencies for larger thicknesses. When computing the 

compressional wavelengths of the porous material analytically, we can observe that the correlation seems 

to correspond to the frequency where the thickness of the porous layer coincides with the 2
nd

 

compressional wavelength of the porous material. We assume that, starting from this frequency, the 

compression effect along the thickness direction of the porous layer (which is captured by the 1D transfer 

matrix method) becomes the most important contribution for dissipation. The in-plane effects (not 

captured by the 1D TMM) being relatively less important, the match becomes better. 

 

Figure 5: Compressional wavelengths of the porous material 

3.2 Acoustic transmission 

This configuration consists in a 2cm thick baffled layer of porous material subjected to an incident plane 

wave excitation, for which we evaluate the acoustic transmission on the other side. In such model, the 
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porous component is usually simplified by assuming that the skeleton is perfectly rigid and using an 

equivalent fluid rigid porous formulation. The acoustic medium is modeled on both sides of the porous 

material, and the acoustic radiated power on the opposite side is evaluated. Different sources are modeled 

using an incidence angle varying between 0 and 80°. In this presentation, an incidence angle of 0° is 

assumed to be normal to the component and does not affect the porous layer in the transverse direction. 

The discretization of the porous layer for the Finite Element model is similar to the previous 

configurations. When using the Transfer Matrix method, the porous layer is replaced by an incongruent 

interface including the transfer matrix, and both acoustic media remain. 

The radiated power for an incident angle of 45° is shown in Figure 6. The difference between both models 

increases with the frequency. Figure 7 shows the variation of the radiated power when modifying the 

incidence angle. For a normal incidence, the relative error between Finite Element and Transfer Matrix 

method tends to be equal to zero, but it becomes large when increasing the incidence angle. 

This difference between both methods for incident waves is explained by the transverse contribution of the 

incident wave. As the frequency increases, the acoustic wavelength becomes smaller and the damping 

mechanism inside the porous layer increases. When the incidence angle increases, the travelling path of 

the acoustic waves through the porous layer also increases due to the transverse contribution.  This is not 

captured by the 1D TMM method, which considers the normal behavior of the porous layer only. 

This configuration heavily differs from the previous configuration, in which the transverse behavior of the 

porous layer becomes predominant at higher frequencies. For pure acoustic transmission, the relative error 

for a random incidence increases with the frequency and its validity is restricted to low frequencies. 

 

Figure 6: Radiated power on opposite side  
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Figure 7: Influence of the angle of incidence (difference between the full FE model and the TMM-based 

model) 

3.3 Vibro-acoustic transmission  

3.3.1 Acoustic radiation through foam 

This configuration is similar to the one detailed in section 3.1. To model the vibro-acoustic behavior, the 

heavy septum is replaced by an acoustic medium and the acoustic radiated power is evaluated. When 

using the 1D TMM method, the porous layer is replaced by an incongruent interface between the steel 

plate and the acoustic component using the transfer matrices. 

The difference between both methods for multiple porous layer thicknesses is shown on Figure 8. When 

comparing to the bare configuration, the presence of the porous layer mainly affects the acoustic radiation 

at resonance frequencies, except when the porous layer becomes very large. The observed differences 

between both methods are similar to those observed in Section 3.2. The structural behavior of the steel 

plate producing transverse waves, the acoustic transmission through the porous layer is not accurately 

captured by the Transfer Matrix method, although the global trend of the porous treatment is captured. 
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Figure 8: Radiated power through the porous layer 

3.3.2 Acoustic radiation through a complex foam-septum 

In this configuration, the acoustic medium is added on top of the heavy septum and the acoustic radiated 

power is evaluated. When using the 1D TMM method, both the porous layer and the heavy septum are 

replaced by an incongruent interface between the steel plate and the acoustic component. The transfer 

matrices contain the reduction of both the porous layer and the heavy layer, and are also coupling 

structural to fluid degrees of freedom. 

The results in terms of radiated power for both methods and for the bare configuration are shown in Figure 

9. The physical behavior is again very similar to those observed in section 3.1. As observed for the 

structural transmission, the accuracy of the 1D TMM method at the resonances becomes good as soon as 

the thickness of the foam layer corresponds to the second compressional wavelength.  

 

Figure 9: Radiated power through the complex foam-septum 
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4 Industrial model application 

4.1 Model description 

The handled configuration is a realistic model of trimmed firewall panel. The foam and heavy layer added 

on the firewall panels insure a correct acoustic insulation. The geometry of the structure is shown in 

Figure 10. 

 

Figure 10: Firewall panel 

The thickness of the trim component varies throughout the panel between 3cm and 1cm. The variation of 

the thickness is shown in Figure 11. The heavy layer has a constant thickness of 2mm. The material 

properties of both materials are provided in Table 2. 

 

 Foam Septum 

Airflow Resistivity: σ (kNs/m
4
)  55 - 

Porosity: Ω 0.95 - 

Tortuosity: α∞  1.9 - 

Viscous Length: Λ (μm) - - 

Thermal Length: Λ’(μm) - - 

Solid density: ρ (kg/m³) 1300 450 

Young modulus: E (kPa) 35 100000 

Loss factor: η 0.2 0.022 

Poisson ratio: ν 0.2 0.3 

Table 2: Material properties of porous and solid materials 

The thickness variation is handled by the 1D TMM method as the thickness between the firewall panel 

and the acoustic component is automatically evaluated in each grid point. The layer of each individual 

trim layer (respectively, the foam and heavy layer) is recomputed based on their relative thickness and 

their thickness scaling. In this model, no thickness scaling is applied on the heavy layer, and the porous 

layer will as such adapt its thickness while the heavy layer will be assumed of constant thickness. 
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Figure 11: Thickness variation of the porous layer 

The vibro-acoustic response corresponding to two excitations will be evaluated: a local point load and a 

diffuse sound field both applied on the firewall panel. 

4.2 Results 

4.2.1 Point load 

Figure 12 shows the difference in terms of radiated power between a bare configuration in which no panel 

treatment is present and the treated configurations. The treated configurations are shown using FE method 

both in linear and quadratic interpolation, and using the Transfer Matrix method. 

As shown in Section 3.3.2, the influence of the treatment is not entirely captured at lower frequencies 

using the 1D TMM method. Both the FE and the Transfer Matrix method start to correlate around 

1250Hz, which corresponds approximately to the frequency where the mean thickness corresponds to the 

second compressional wavelength, as shown in Figure 13. After this frequency, both methods correlate, 

and the 1D TMM method is even more accurate than the Finite Element linear interpolation of the trim 

component.  

However, above the first modes of the plate, the influence of the treatment seems correctly captured by 

both methods and the differences between them are acceptable when compared to the variation of the 

solution due to the uncertainty of the porous material properties in realistic conditions. 

 

Figure 12: Radiated power of the treated and untreated panel 
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Figure 13: Compressional wavelengths of the porous material 

4.2.2 Diffuse sound field 

The transmission loss of the system subjected to a diffuse sound field is shown in Figure 14. The 

differences between the two different methods are, as in the previous section, mainly visible at very low 

frequencies and in the 500-800Hz range. A very good correlation is observed above 1250Hz. Again, the 

influence of the treatment is in both cases correctly captured. 

 

Figure 14: Transmission loss of the treated and untreated panel 

4.3 Material variation 

In this section, the comparison between Finite Element and 1D TMM method is performed for different 

porous materials applied on the same vibro-acoustic transmission model. Material 2 represents a lumped 

porous material while material 3 represents a porous material with a substantially rigid skeleton. Both 
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materials are used in the automotive industry. The material properties of both porous materials are 

provided in Table 3. 

 Mat 2 Mat 3 

Airflow Resistivity: σ (kNs/m
4
)  23 57 

Porosity: Ω 0.95 0.97 

Tortuosity: α∞  1 1.54 

Viscous Length: Λ (μm) 54.1 24 

Thermal Length: Λ’(μm) 162 73 

Solid density: ρ (kg/m³) 1160 1500 

Young modulus: E (kPa) 17 214 

Loss factor: η 0.1 0.1 

Poisson ratio: ν 0.01 0.3 

Table 3: Material properties of additional porous materials 

Figure 15 shows the comparison between both methods on the three different materials. As the second 

material is softer than the first handled material, the decoupling between both structural components is 

even more pronounced, whereas material 3 provides much less decoupling between both components. 

Globally, the general trends of each material are correctly captured even if some main differences occur. 

 

Figure 15: Radiated power FE-transfer matrices comparison for different materials 

Figure 16 highlights the relative difference between Finite Element and the Transfer Matrix methods. 

These are shown for linear interpolation meshes only. As shown for material 1, this relative difference 

decreases above 1250Hz, and increases slightly above due to the linear interpolation. For lumped materials 

as material 2, the difference between both methods remains important up to 1750Hz, even with a very 

small compressional wavelength as shown in Figure 17. This could be explained by the very low Young 

modulus, which enables important transverse damping behaviors that cannot be captured using the 

Transfer Matrix method. For material 3, the relative differences at lower frequencies are smaller compared 

to the other materials, but are relatively important above 500Hz and are decreasing slowly at higher 

frequencies. For such stiff materials, the second compressional wavelength remains much higher than the 

average thickness of the complex structure, and damping mechanisms remain mainly structure based. For 

such materials, the transverse behavior remains important and the Transfer Matrix method cannot entirely 

capture the complete behavior. 
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Figure 16: Relative power difference between finite element and transfer matrices 

 

Figure 17: Second compressional wavelengths for the different porous materials 

 

4.4 Performance 

Both the CPU time and the memory consumption of the handled computations are shown in Table 4.  

The bare configuration, including no damping mechanism, consumes less memory and CPU time than the 

methods including damping mechanisms. Despite having the same number of degrees of freedom as the 

bare configuration, the Transfer Matrix method consumes more memory and CPU time as the number of 

contributions within the system heavily increases, which reduces the sparsity of the impedance matrix. 

However, this method is three times faster than using a linear interpolation Finite Element mesh for 

modelling the porous layer and septum. Its memory consumption is about four times lower. As for using 

quadratic elements for the porous and heavy layer, it provides much more accurate results but remains 

expensive, being 40 times more expensive in CPU time. 
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 Bare Linear FE Quadratic FE TMM 

CPU Time / freq (s) 3 70 842 21 

Memory 

consumption (Gb) 
1.1 11.5 121 3 

Table 4: Computational performance on industrial application 

5 Discussion and further work 

It has been shown that for high frequency, the 1D TMM methods works very well while introducing very 

small additional CPU cost compared to the no-trim case.  

However, as expected, the approach is not as well suited for lower frequencies. In-plane behavior must be 

accounted for, which can be done using a finite element modelling, again with controlled additional CPU 

cost because low frequency allows for relatively coarse meshes. 

In the future, we plan to develop a seamless way to combine the two approaches automatically, to offer a 

single method remaining accurate and efficient on the whole frequency range. This can be done in 3 ways: 

1) By having a parametric description of the trim that will allow automatic meshing at low frequency 

and 1D modelling at higher frequency, the software automatically selecting the best method 

frequency per frequency. 

2) The TMM method can be extended using a 1.5D approach, by accounting for in-plane field 

variation in the wavenumber space. All transfer matrices relations remain valid with an additional 

(𝑘𝑥 , 𝑘𝑦) parameter. Once the stacking transfer matrix 𝑻(𝑘𝑥 , 𝑘𝑦, 𝑓)  is obtained, it is transformed 

back into physical space, with a local kernel so that cross-talk distance is kept finite [2]. We end 

up with a generalized transfer admittance that couples each dof of top surface to limited set of not-

too-distant DOFs of the bottom surface. 

3) Alternatively, the FE modelling of the trim can be improved using ideas from our version of the 

1D TMM matrix: enriching shape function with the 1D wave solution of each layer and 

eliminating inner interface dofs should lead to a method with the same behavior as 1D trim in the 

normal direction, but accounting for slower variation in the in-plane direction. Those enriched FE 

should be extremely accurate, and CPU efficient (coarse trim mesh with 1 element in the thickness 

direction). 

In addition to seamlessly cover a wide frequency range, approaches 2) and 3) should offer better 

prediction in the tricky mid-frequency region. 

6 Conclusions 

The implementation of the Transfer Matrix method inside a Finite Element software and its application on 

an industrial model have been demonstrated. The flexibility of this implementation allows to model 

multiple layers of varying materials between two incongruent surfaces with a varying thickness. It also 

offers the capability of coupling the trim component both with structural or fluid degrees of freedom, 

enabling various configurations covered in this paper. 

The validity of the Transfer Matrix method to model porous components has been evaluated on different 

configurations. When modeling configurations including porous components integrated between structural 

components, the Transfer Matrix method tends to provide an accurate solution when the normal damping 

mechanisms become predominant. In our applications, we have observed this occurs mainly above the 

coincidence frequency with the second compressional wavelength and the thickness of the porous layer. 

We have also noticed that for extremely lumped materials, this conclusion seems not always sufficient. At 

very high frequencies, it has been shown that the accuracy of the Transfer Matrix method is even more 
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precise than the Finite Element method, whereas the Finite Element method is much more precise at lower 

frequencies.  

In configurations involving a porous component directly coupled to an acoustic component (acoustic or 

vibro-acoustic transmission), the Transfer Matrix method is extremely sensitive to the in-plane component 

of the excitation, and the divergence with the Finite Element method increases at higher frequencies, as 

soon as the acoustic wavelength becomes of the size of the porous components. 

The usage of both methods on an industrial model has shown the accuracy of the Transfer Matrix method 

to model such configurations as well as its interest in terms of performance. 
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