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1 Introduction
Due to the increasingly stringent noise exposure regula-
tions [1] as well as rising customer expectations, there is
a growing need to incorporate, assess and improve the
vibro-acoustic (VA) behavior of products in early design
stages. From a designer’s perspective, having knowledge
of the VA effects of design changes can greatly reduce
development time and cost. Most of today’s practices
around noise, vibration and harshness (NVH) analyses
involve sound pressure frequency response graphs,
directivity curves or other visual representations of the
VA behavior [2]. Providing an audible prediction of the
radiated noise can add an extra dimension for the design
engineer to assess the expected noise characteristics,
without the need for full-scale prototypes. This is the
main idea behind the concept of auralization [3].
The current trends towards electrification and light-
weighting of vehicles bring forth novel and formerly
masked noise problems [4], making research on NVH
more significant than ever in the transportation industry.
More specifically, the gearbox is an important source
of both airborne and structure-borne noise, with the
latter typically being dominant [5]. This structure-borne
noise is mainly caused by the occurrence of transmission
error [6], which is the deviation from a perfect rotation
transmission between gears. The transmission error
leads to vibrations of the gear shafts, which translates
to forces in the shaft bearings. These in turn lead to
vibrations of the gearbox housing which then radiates
noise. The gearbox noise problem is schematically
summarized in Fig. 1. As gearboxes are predicted to
keep being an essential component for future drivetrains
[7], this study focuses on a model based auralization
approach to obtain an audible impression for radiated
structure-borne gearbox noise.

Figure 1: Source-to-noise chain of a gearbox, with blue
arrows highlighting the focus of this work

Depending on the application, different auralization
approaches exist, which can typically be categorized in
time-domain and frequency-domain methods. Apart

from typically being more computationally expensive,
working in the frequency domain has other benefits such
as the possibility for corrections if noise occurs, a better
look on the harmonics in a system, a faster calculation
of the results, etc. Therefore, this study proposes a
model-based frequency-domain auralization strategy
that makes use of simulated pressure-force frequency
response functions (FRF) computed with a VA gearbox
housing model. These FRFs are used as a filter for
simulated input force signals to obtain radiated sound
pressure.
In what follows, the proposed strategy is first explained
in Section 2. Next, the practical validity of a frequency-
domain filtering step is experimentally demonstrated for
a simple steel plate structure in Section 3. Eventually,
the approach is applied to a gearbox model. After intro-
ducing the models in Section 4, the results are discussed
in Section 5. The main general paper conclusions are
then summarized in Section 6.

2 Approach
The proposed approach is schematically shown in Fig.
2. On one hand, an input force F (t) is needed, which
in the context of this study are gearbox shaft bearing
forces. On the other hand a VA FRF is required, which
is applied as frequency domain filter to the force input.
Since the input forces are still in the time domain, these
will need to be converted to the frequency domain using
the Fast Fourier Transform (FFT), yielding F (f). After
the multiplication with the FRF, the resulting frequency-
domain sound pressure p(f) is converted back to the time
domain, to obtain the final pressure p(t). These pressures
are then written to an audio file (*.wav).
As the context of this study is auralizing the gearbox
noise in the design phase, this study will use bearing
forces F (t) that are simulated using a transaxle trans-
mission model. This model calculates the bearing forces
from an applied torque by using a gear contact model to
compute the transmission error. The same is true for the
transfer function Hpf (f). A VA FE model of an empty
gearbox housing is used here to compute the structure-
borne noise radiation FRF, by applying a force at the
bearing location and calculating the resulting sound pres-
sure. Section 4 goes more into detail on the specifications
of these two models.
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Figure 2: Flowchart showing the auralization process.
Colors: forces, transfer function, pressure

3 Experimental verification of FRF filter
To verify that a VA based FRF filtering approach is valid,
this section experimentally verifies this step by consider-
ing a case for which the transfer function can be measured
directly on the structure and where the sound radiated by
an excitation can be recorded with a microphone. This
will allow to compare a measured sound pressure to an
FRF based auralized sound pressure. To do so, two mea-
surements are performed on a steel plate that is excited
by a shaker. The first is an FRF measurement to cal-
culate an experimental Hpf (f). Following the proposed
approach, this yields an auralized pressure pa(t). The
second is a benchmark microphone measurement of the
sound pressure pm(t) coming from an input force, after
which both pressures are compared.
The experimental setup considers a freely suspended alu-
minum plate of 66 by 86 cm, which is excited by a shaker
in the bottom right corner (Fig. 3). The input force is
measured using an impedance head, while the pressure
response is obtained with a microphone located at 1 me-
ter in front of the center of the plate.

Figure 3: Verification pressure measurement set-up
with shaker excitation and microphone

First, the VA FRF is measured by exciting the plate us-
ing a white noise random shaker input and by dividing
the crosspower of the input and the output by the au-

topower of the input. The resulting FRF, measured be-
tween 0 and 2050 Hz, is given in Fig. 4(b). Then, the
microphone measures the radiated sound pressure due
to a second random excitation F (t), visualized in Fig.
4(a). These input forces are post-processed by using a
Blackman-Harris window [8].
Using the FRF based filtering described in Fig. 2, pa(t)
is obtained and is shown together with the recorded pres-
sure signal pm(t) from the microphone in Fig. 4(c). By
writing the pressure time signal to an audio file using the
Matlab function Sound(), an audible pressure response
is obtained which the reader can listen to (Fig. 5). Cor-
responding to the good agreement found in Fig. 4(c), ex-
cellent audible agreement is also obtained. This demon-
strates and verifies the appropriateness of the FRF based
filtering step in the proposed auralization approach.
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Figure 4:
(a) Shaker forces F (t) as auralization input

(b) Measured plate FRF Hpf (f) - logarithmic
(c) Sound pressure measured pm vs auralized pa

Figure 5: Original radiated sound pressure (left) and
auralized sound (right) of the excited steel plate
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4 Gearbox use case
Now, the auralization approach can finally be applied to
the gearbox use case. To do so, two numerical models
are first needed: (i) a transmission model that yields
bearing forces in the time domain and (ii) a VA gearbox
model that provides an FRF to translate the forces to
sound pressures.

(i) The transmission model used in this study is an
AMESim lumped parameter model with flexible shafts
and bearings (Fig. 6). The model consists of trans-
mission building blocks and two gear pairs, which
feature a hybrid analytical gear contact model that was
developed at the KU Leuven [9]. This model calculates
the transmission error in the time domain, which the
AMESim model subsequently uses to calculate the
bearing forces [10]. For this study, a transmission
situation was considered of a gearbox loaded with 1000
Nm and a damper rating of 5 Nm/(rev/min). With a
sampling frequency of 10 kHz, the X-direction forces
of the first bearing of the input shaft were computed
during a period of 10 seconds.

Figure 6: AMESim Transmission model

(ii) The VA gearbox model that is used in this research
is based on a simplified housing of a two-stage parallel
gearbox, available in the Simcenter 3D Motion software
[11]. From the gearbox CAD model, a distributed
parameter VA model is first built by FE modeling, using
linear tetrahedral solid elements. An exterior acoustic
mesh is then wrapped around the structural FE model of
the gearbox and non-reflecting Automatically Matched
Layer boundary conditions [12] are applied to mimic
anechoic conditions (Fig. 7).

Figure 7: (a) VA gearbox housing model - structural
in blue, acoustic in yellow (b) closeup of RBE force

input location (c) parameters of FE model

Due to the structure-borne nature of the radiated noise,
a weak VA coupling is considered whereby the structural
vibration response of the gearbox housing excites the ex-
terior acoustic domain one-way. Its use is justified here
as the gearbox is a heavy, stiff, structurally excited struc-
ture that will not be excited by a light acoustic medium
such as air. At a bearing location A, an axial force is
centrally imposed using rigid body elements (RBE) (Fig.
7(b)). The direction and location of this force were cho-
sen arbitrarily to demonstrate the approach, as there is
no physical model to base this decision on. Next, a point
microphone is defined at a distance of about 50 cm from
the gearbox surface, at location B. Using this VA FE
model, the transfer function Hpf (f) between force input
and pressure output is computed in the range of 20 to
2500 Hz. A ∆f of 0.1 Hz is considered, with the FE
model requiring 5.6s/frequency line. More information
on the contents of the model can be found in the table
of Fig. 7(c).

5 Results
The gearbox models of the previous section are now
used to compute the bearing forces, the transfer function
and subsequently the radiated sound pressure (Fig. 8).
The AMESim transmission model calculated the bearing
forces seen in Fig. 8(a), to which a window was again
applied. The FRF resulting from the VA FE model can
be seen in dark blue (E = 210 GPa) in Fig. 8(b). Finally,
the sound pressure is visualized in Fig. 8(c) and the QR
codes in Fig. 9 link to the audio files.
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Figure 8:
(a) Simulated bearing forces F (t) as auralization input

(b) Simulated FRF Hpf (f) for two stiffnesses
(c) Sound pressure auralized from gearbox model
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To demonstrate the use of this approach for assessing de-
sign changes, the Young’s Modulus E of the original FE
gearbox housing model was increased by 50%, from 210
GPa to 315 GPa, representing e.g. a stiffening of the
gearbox structure. The FRF was re-computed and visu-
alized in light blue in Fig. 8(b). Due to the clearly visible
upshift in resonance frequencies, as shown in the FRF, a
clear impact is perceived on the auralized response (Fig.
9). The stiffening leads to a more high-pitched noise.

Figure 9: Auralized radiated sound from gearbox
housing with original stiffness (left) and increased

stiffness (right)

6 Conclusion
This study proposed a model-based frequency domain
auralization approach to obtain an audible impression of
the NVH behaviour of a product, while still in the design
stages. The VA FRF based filtering step was experimen-
tally verified on a simple steel plate structure, showing
good agreement between measured and auralized pres-
sure responses. Eventually, the approach was applied us-
ing a gearbox transmission and VA model, and the value
for assessing a design change was demonstrated by lis-
tening to the difference between two auralized responses.
The results of this study act as a part of the final step
to model the full chain from noise source to audible out-
put and contribute by translating design changes made
to a gearbox model into audible impressions of the re-
sulting noise characteristics. Future steps include more
accurate application of the input forces and experimental
validation on a real transaxle.
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