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Abstract
A set-up is developed for panel-trim measurements with panel boundary excitation, in order to get a physical
understanding of the coupling behaviour between vehicle body and trim layer. Structural excitation in the
mid-frequency range (150-1000 Hz) is investigated. The construction of the set-up and its global features
are discussed. Furthermore, a Finite Element model is described, and validated against experimental results.
There is good agreement, both quantitatively and qualitatively, between measurements and predictions up to
1kHz.

1 Introduction

In view of both the increased customer demands regarding NVH (Noise, Vibration and Harshness) comfort,
and the increased necessity to reduce vehicle mass, the NVH attribute has become a driving force in vehicle
design. Tuning and optimising the vibro-acoustic behaviour of vehicle interior cavities can give a significant
competitive advantage in automotive industry. Hence, in order to improve comfort while reducing the weight
of the vehicle, a good development process is of utmost importance.

Vibro-acoustic trim materials are commonly used to achieve good NVH performance, especially in the mid
and high-frequency range (i.e. above 150Hz). In current vehicle development processes, Statistical Energy
Analysis (SEA) is a conventional tool to design and optimise the performance of trim materials at high
frequencies [1, 2]. On the other hand, for low and mid frequencies, the use of Finite Element Analysis (FEA)
is currently becoming more attractive as a result of increased computational power and efficient solving
methods.

The performance of the trim material itself is often assessed and optimised using simplified 2D simulation
models (typically the Transfer Matrix Method), and validated by standardised measurements. Test equip-
ments like “Small Cabin” and “Alpha Cabin”, well known within automotive industry, are often used to
verify these numerical simulations, and to characterise material performance under airborne noise excita-
tion. Furthermore, novel dedicated experimental set-ups for the study of airborne vibro-acoustic behaviour
of trimmed structures are being developed, e.g. at KU Leuven [3, 4, 5]. Despite the recent advances and
the on-going research efforts in this field, the damping and insulation effect of trim materials added to struc-
turally excited body panels remains largely unknown.
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Hence, in order to design an optimal sound package for a wider frequency range, more advanced simulation
and validation techniques are needed. Moreover, these approaches should be able to cope with variable and
uncertain parameters such as contact conditions of trims, when applied on body panels. The work reported
in this paper is part of a currently on-going research study performed within the Toyota group [6, 7], aiming
at improving the simulation accuracy, at low and mid frequencies, of automotive trimmed body models.

As a part of this study, a dedicated set-up has been developed in collaboration between Toyota Motor Europe
and KU Leuven, to study and characterise structure-borne boundary excitation of a steel panel with added
trim materials. For these types of measurements, similar set-ups have been reported with validation shown
until 400 Hz [8] and until 1 kHz [9]. The current paper reports on a novel set-up specifically designed for
measurements up till 1kHz. A correlation study compares both experimentally and numerically obtained
results and validates the performance of the virtual prototypes used during the design. The future goal is to
correlate numerical predictions and experiments with added trim material.

2 Design of the set-up

2.1 Specifications

The goal of the current set-up is to cover a wide range of structure-trim interaction phenomena present in
automotive applications. To this end, a steel plate sample is excited using a uniform boundary acceleration,
normal to the test panel. The frequency range of interest varies from 30 Hz until 1 kHz. The dimensions
of the test samples are 350 mm × 500 mm, and the set-up should allow a variable thickness to be used. To
guarantee meaningful experiments up to 1 kHz, the set-up itself should not exhibit any resonant dynamic
behaviour below 1.5 kHz. In addition, in order to study the influence of trim materials applied in different
locations in a vehicle – e.g. automotive carpet being applied horizontally whereas dash silencer is applied
vertically – the set-up should allow to study the behaviour of the test samples under varying angles. The
set-up is completed with a receiving acoustic cavity which captures the sound radiated by the plate sample
with trim materials. This receiving cavity should approximate an idealised rigid walled cavity, and needs to
be lightweight so that the measurement set-up can be easily handled.

2.2 Design

The most critical component of the set-up is the part which holds the steel plate sample, hereafter referred to
as the “moving frame”. Its main functions are to approximate a perfect clamping of the edge of the sample,
and to excite it with a constant energy on a wide range of frequencies. Furthermore, it should allow for easy
handling, and wiring access for sensor instrumentation of the set-up. To guarantee the structural performance
of the moving frame, an optimal design was obtained by a topology optimisation algorithm using a maximum
eigenvalue design criterion. The final result of this optimisation study is shown in Figure 1.

Figure 1: Final result of structural optimisation of moving frame
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Figure 2: Frictionless guiding and suspension system design using air bearings combined with springs

The steel plate sample is excited with a uniform boundary acceleration, normal to the plate, provided by a
shaker connected to the centre of gravity of the moving frame. In an effort to reduce the influence of lateral
excitation input to the steel plate sample, a dedicated air bearing guiding system was developed, shown in
Figure 2. Such a guidance system has the advantage of being very rigid and precise, it insures a frictionless
guiding of the frame in movement, and it decouples the moving frame motion from that of the fixed parts of
the set-up.

A detailed description of the design of the receiving cavity is given by Vivolo et al.[10]. Therefore, only the
main features will be described here. The final design of the receiving cavity is based on a full composite
structure with multiple reinforcements with skewed shapes for the walls, only weighing 56 kg. In Figure 3,
the acoustic performance of this receiver cavity design is illustrated. It shows the narrowband sound pressure
level at the middle of the optimised cavity compared to the sound pressure level in an idealised rigid walled
cavity for a boundary excitation of a 1 mm thick steel panel. It can be observed that the fluid-structure
coupling between the sound inside the cavity and the structural response of the walls of the cavity may be
considered as a secondary effect.

In operation, the receiving cavity is clamped on a non-moving top plate. The complete set-up is shown in
Figure 4. The acoustic sealing between the moving and non-moving parts is assured by a thin air gap of only

Figure 3: Acoustic performance of composite receiver cavity design
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Figure 4: Full test set-up equipped with composite receiving cavity

a few microns in order to shield the direct airborne noise leakage path into the receiving cavity.

2.3 Design validation

The moving frame and the air bearing guiding system were validated after assembly, and comply with the
required specifications. An impact test using a hammer with load cell sensor has been carried out in order to
confirm the design expectations. The acceleration of a corner of the moving frame with respect to an impact
force is shown in Figure 5. The first deformation mode is the torsion of the moving frame, and appears at 1.5
kHz, in good agreement with simulation predictions. When using shaker excitation in the centre of gravity,
this torsion mode is not excited. The first bending mode of the frame around 1.6 kHz sets the upper limit of
the testing frequency range.

Figure 5: Acceleration response at the a corner of the moving frame with respect to hammer impact force -
first resonance frequency around 1.5 kHz
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3 Validation of set-up: Finite Element model vs. experiment

The ultimate goal of the current research activities is to get a better understanding of structure-trim interaction
phenomena. To this end, a Finite Element (FE) model that accurately represents the full measurement set-up
was built. Using this model, the measurements can be predicted with high fidelity to support the effective
design of dedicated measurement campaigns to identify specific effects of the trim. In a first step, the FE
model representing the experimental set-up was validated on three consecutive levels of detail: first a model
of the uncoupled receiver cavity was studied, next the steel plate sample was modelled, and finally the model
of the full set-up was compared to the experiments. The following sections describe the measurements
carried out for each different validation step. The aspects important for each measurement and model are
highlighted. All numerical models used in this validation campaign were built and solved using Comsol
Multiphysics version 4.2 [11].

3.1 Acoustic cavity

The FE model of the acoustic cavity is validated by measuring the pressure variations at a microphone,
placed in the top corner of the cavity, resulting from a loudspeaker source in the opposite bottom corner
of the cavity. By comparing the measured and simulated autopower of the acoustic pressure the acoustic
performance of the composite receiver cavity is experimentally verified.

The measurement is carried out by placing the acoustic cavity on a thick steel plate, which can be assumed
to be rigid in the frequency range of interest. The bottom of the cavity is sealed to avoid leakage through any
burrs in the bottom surface of the cavity. Similarly, a small orifice in one of the cavity walls, giving wiring
access for sensor instrumentation, is sealed.

The acoustic behaviour in the cavity is modelled using the inhomogeneous Helmholtz equation [12]. The
mesh of the model consists of 12,456 quadratic Lagrange tetrahedral elements, and is solved for 18,217
degrees of freedom. The maximum element size is 0.064 m. A convergence study has shown that this mesh
is sufficiently accurate. The original assumption in the FE model is that the cavity inner walls are fully rigid.
The excitation of the cavity is modelled using a monopole with a source strength of 0.01 µW, applied in
one of the bottom corners of the cavity. The response is calculated in the opposite top corner, similar to the
measurement. The model is solved with a frequency resolution of 1 Hz.

Figure 6 shows that there is good agreement between the measured and predicted autopower. The prediction

Figure 6: Comparison of measurement and simulation for fully rigid acoustic cavity
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Figure 7: Comparison of measurement and simulation in the middle point of the plate

of the level is good, even for the anti-resonances. The slight mismatch in resonance frequency and levels
may be caused by the applied sealing, which is not perfectly aligned with the edge of the cavity.

3.2 Steel plate excited by shaker

One of the objectives of the set-up is to realise a reproducible and easy to model boundary condition on
a steel plate sample with trim. A clamped boundary condition was selected to this end. A steel panel is
clamped between the lower and upper frame, pulled together by bolts. A good clamping boundary of the
plate is ensured by applying a definite torque to each bolt. The comparison with the FE model serves as an
indication of how accurately a true clamping of the plate’s edge can be realised in this way.

In order to make a useful comparison of the measurements and the FE predictions, the excitation levels
needs to be known. To this end, the measured Frequency Response Function (FRF) will be compared to
simulation results. The reference point used in the calculation of the FRF is on the moving frame holding the

Figure 8: Comparison of measurement and simulation in the middle point of the plate for adjusted plate
properties
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Figure 9: Comparison of measurement and simulation in a non-symmetric point of the plate

clamped steel plate, giving a good representation of the boundary excitation of the plate. The acceleration
of the plate is measured in the middle point of the plate, and a point located at (0.1 m, 0.15 m) from the
middle of the plate, chosen such that it is not located on any of the plate’s symmetry lines. The signal to
the shaker, which excites the moving frame at its centre of gravity is a periodic logarithmic chirp from 50
to 1300 Hz. This results in a constant acceleration level of 0.04 g of the frame over the frequency range of
interest, corresponding to a typical acceleration level encountered on a car body.

The steel plate sample is modelled with the Reissner-Mindlin plate theory [13]. The physical properties of the
sample were measured using a standard Oberst beam test. The mesh of the plate consists of 4,520 quadratic
Lagrange triangular elements, and is solved for 55,266 degrees of freedom. The maximum element size is
0.01 m. A convergence study has shown that this mesh is sufficiently accurate. The boundary condition
applied on the 4 boundaries is a normal out-of-plane acceleration of 1 m/s2. All other accelerations on these
boundaries are set equal to zero. The model is solved with a frequency resolution of 1 Hz.

Figure 7 shows a comparison of the measured and predicted acceleration of the middle point of the plate for
an excitation of 1 g or 9.81 m/s2. Notice that the levels of the peaks for the measured and predicted responses
are in good agreement. Using the experimentally identified properties, the correlation between model and
measurement is good at lower frequencies. However, at higher frequencies, a shift between measurement
and simulation can be observed. A better match can be obtained by updating the properties of the plate. The
adjusted plate parameters for a better agreement between measurement and prediction are given in Table 1.
Figure 8 shows that there now is better agreement at higher frequencies; on the other hand, a small shift can
be observed at the lower resonance frequencies. These discrepancies in resonance frequency may be because
the clamping condition in the measurement is not perfect.

plate property measured updated in model
Young’s Modulus 200E9 Pa 217E9 Pa

Poisson ratio 0.3 0.3
density 7663 kg/m3 7663 kg/m3

loss factor 0.002 0.002

Table 1: Properties of steel plate

Figure 9 shows a comparison of prediction and measurement in the other point of the plate. The agreement
of levels and frequencies is good. From both Figures 8 and 9, it can be seen that not all eigenmodes of the
plate are excited. The imposed boundary condition prohibits symmetric modes to be excited, and hence only
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the modes (1,1), (3,1), (1,3) , (3,3), etc. are excited.

3.3 Complete set-up

The previous sections discuss the validation of the models for the acoustic receiving cavity and the steel plate
sample. It was shown that there is good agreement between experiments and predictions. The final step is an
evaluation of the model of the full set-up, that was shown in Figure 4.

The measurement of the full set-up includes acquisition of the pressure variation in the receiving cavity.
Microphones are mounted in different positions in the cavity, see Figure 10. The reference point used in the
calculation of the FRF is the acceleration of the moving frame. For measurements on the full set-up, the
excitation signal is a logarithmic chirp, which excites the plate with a constant acceleration level of 0.04 g.

The full set-up is modelled using a combination of the Helmholtz equation and the Reissner-Mindlin plate
theory. The coupling conditions are integrated in a dedicated vibro-acoustic module in Comsol Multiphysics
[14]. The mesh of the receiving cavity and the steel plate are based on the meshes of both entities as described
in previous sections. The model of the full set-up consists of 65,560 quadratic Lagrange tetrahedral elements
and 8,814 quadratic Lagrange triangular elements. The model is solved for 145,904 degrees of freedom. The
cavity is modelled as fully rigid. The boundary excitation on the steel plate is a normal acceleration of 1 m/s2

on the 4 edges of the plate. The remaining elements on the bottom of the model are rigid. Figure 11 shows
the mesh of the bottom side of the full set-up, and points out the boundary conditions. The model is solved
with a frequency resolution of 1 Hz.

The influence of the acoustic modes in the cavity on the behaviour of the plate is limited. Therefore, the
prediction and measurement for the plate response with top cavity do not differ much from the results pre-
sented by Figures 8 and 9. Figure 12 gives a comparison between the measurement and prediction of the
FRF of pressure over acceleration measured in a microphone 0.35 m above the middle of the plate. There is
good agreement between the levels and frequencies of the resonances. The prediction between resonances
is somewhat less accurate, especially in the frequency range 500-700 Hz. There is no structure-borne plate
excitation in this frequency range, so that the high pressure measured in the cavity might be due to noise
issues, and structural modes of the receiving cavity. Further research is needed to determine the root causes
of this discrepancy.

Figure 10: View of microphone locations in receiving cavity
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Figure 11: Mesh of bottom side of full set-up

4 Conclusion

The current paper reports on the validation of a dedicated test set-up for boundary excitation of trim assem-
blies. The goal of the test set-up is to have a reliable experimental set-up for measurement of structure borne
excitation of a steel panel with trim material, which can be represented by an FE model, in order to get a
better understanding of the physical phenomena involved. The validation of the design of the set-up has
shown that the set-up meets the required specifications for boundary excitation up till 1 kHz. A correlation
study of measurements on the experimental set-up and predictions by an FE model gives good agreement,
validating both the experimental set-up and the FE model.

Figure 12: Comparison of measurement and simulation of the pressure in a microphone above the middle of
the plate
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