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Introduction

The application of artificial heads for the test-based investiga-
tion of NVH problems has been established for many years.
As building physical prototypes for testing purposes is cost-
and time-intensive, the role of simulation becomes more and
more important in the development process in almost any
industry branch. As part of this trend, the simulation of NVH
problems is also growing rapidly. In planning virtual
measurements in car cabins, questions about the inter-
dependency of the artificial head and the testing environment
arise, necessitating the finding of efficient modeling
techniques.

This work investigates the influence of an artificial head on
the acoustic characteristics of a vehicle cabin by application
of FE-based simulation. Therefore, an FE model of a vehicle
cabin is equipped with an FE model of an artificial head. For
the empty cabin as well as the equipped cabin, FRFs for
selected volume velocity source positions and receiver
positions are calculated. Furthermore, room modes are
extracted, and differences are presented in detail for selected
frequencies. Two cabin configurations differing in size and
shape are investigated.

Motivation

Already decades ago, the influence of an artificial head on the
surrounding cavity was empirically investigated. The
investigation was done based on measurements and only valid
for discrete points. The simulation allows a more detailed
observation of each point in space, resulting in a more com-
prehensive understanding of the artificial head’s influence. In
this work, extended insights into the influence of the artificial
head on a cavity are given, which would have been possible
by experimental investigations only with an immense effort.

Furthermore, it is discussed why an artificial head is also
important for the numerical simulation as an object that has
an effect on the cavity. This work shows why even complex
filter technologies can only partially represent an artificial
head. Filtering technologies do allow the consideration of
diffraction effects and the subsequent calculation of binaural
signals from multiple simple microphone recordings, but the
filtering technologies assume an ideal free field or an ideal
diffuse field for the cavity. One approach for higher
frequencies is documented in [1]. This condition is not
fulfilled for cavities whose acoustic properties are changed
solely by the presence of the artificial head as a human
representative.

Simulation model

Artificial head and torso

A finite element model of the Head And Torso Simulator
(HATS) [2, 3] is built up (figure 1) and validated against
human related transfer function (HRTF) measurements. It
enables a binaural auralization which is an important basis for
a reliable assessment of acoustics [4]. For the present
investigation the model is optimized for a frequency range up
to 1 kHz with respect to model complexity reduction and
simulation performance gains. The HATS has a volume of
0,05 m®. The surface is modeled perfectly reflective.

Further modeling and validation details will be part of an
upcoming publication later this year.

Vehicle cabin cavities

Two vehicle cabin cavity hulls with differing interior volumes
are investigated; the Porsche 911 Carrera hull has an interior
volume of approximately 2 m?, whereas the Porsche Taycan
hull roughly encases 3,3 m? (figure 2). The seats are included,
details like steering wheel or handles are neglected. Both
cavities are equipped with a general absorption coefficient to
keep the model complexity low. Thus, simulation results are
expected to show fundamental effects and do not claim to
match exactly to reality.

There are several volume velocity sources spread over the
cabins as well as microphone receiver positions that indicate
the sound pressure. The microphone receiver positions are
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Figure 1: Finite element model of Head And Torso
Simulator (HATS).



placed in small distances to their corresponding source
positions. Additionally, sound pressure output is requested at
the driver’s ear positions for the empty cavities as well as the
cavities equipped with the HATS on the driver’s seat position
(further called equipped cavities).

Due to space limitations this paper focusses on the source
position in the driver’s footwell (further called source 1) to
outline general effects of the application of a HATS in vehicle
cabins.

Figure 2: Vehicle cabin cavities of Porsche 911 Carrera (left) and
Porsche Taycan (right), equipped with Head And Torso Simulator
(HATS) and several sources spread over the model.

Simulation output

The volume velocity sources are defined as unit excitations.
Thus the sound pressure output gives frequency response
functions (FRFs) without further postprocessing. For
accompanying investigations of changes in cavity interior
acoustics and diffraction effects induced by application of the
HATS, room modes are calculated. Both FRFs and room
modes are simulated for empty cavities as well as the
equipped cavities. Selected matching room modes are
contrasted to each other. All simulation outputs have an upper
limit of 1 kHz.

Analysis of simulation results

Porsche 911 Carrera

First, the FRFs relating the sound pressure at the driver’s ear
positions to the volume velocity source in the driver’s
footwell are considered for the empty cavity in comparison to
the equipped cavity (figure 3). Small deviations in local
characteristics can be detected in the FRF starting from
frequencies around 200 Hz for both ear positions. Bigger
differences affecting broader frequency ranges appear from
frequencies starting at 600 Hz, especially for the right ear.

The focus is first put on the driver’s right ear and the
frequency range of 600-900 Hz, as this region shows the
largest differences in amplitudes. The application of that part
of the FRF as a filter on an artificial sweep using the same
frequency range for a signal length of three seconds results in
sound pressure level (SPL) differences between the empty
cavity and the equipped cavity of about 6 dB (table 1).
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Figure 3: Porsche 911 Carrera: FRFs relating sound pressure at
driver’s ear positions to volume velocity source at driver’s footwell.
Blue line: Empty cavity; Red line: Cavity with Head And Torso
Simulator (HATS).

Table 1 also contains the results for the psychoacoustic
parameter loudness. The evaluation of loudness can be used
for microphone measurements and brings the human
perception of the loudness of noise to a linear scale. The
psychoacoustic parameter is based on the Sottek Hearing
Model [5] and standardized in ECMA-418-2, [6].

Table 1: Sound Pressure Level (SPL) and loudness
(ECMA-418-2) for artificial sweep input in a range of
600 to 900 Hz for differing cabin configurations.

Model Configuration SPL | Loudness
[dB] | [sonenwms]
Porsche 911 Empty 61,0 2,92
Carrera - ;

(Right ear) Equipped with HATS | 67,6 4,09
Porsche Empty 61,6 3,01
Taycan . .

(Left ear) Equipped with HATS | 71,8 5,14

Because of the necessity of an equalized microphone signal
(diffraction effects must not be included) artifical head
measurements from experiment or simulation need to be post-
processed. In this case, the ID (Independent of Direction)
equalizer is chosen due to the ambiguous sound field inside of
the vehicle cabin (no ideal free field, no ideal diffuse field).
The analysis of the psychoacoustic parameter shows, that the
difference between loudness of empty cavity and loudness of
equipped cavity is significant (more than 30%). This indicates
an additional important effect of the HATS on the cavity
despite the diffraction effect and is discussed in the following
for an example in the lower frequency range. The focus is on
the lower frequency range, since the effect can be explained
more briefly and easily compared to an effect in the upper
frequency range.

Around 250 Hz, the FRF for the driver’s left ear in the
equipped cavity shows the first significant difference in shape
compared to the FRF of the empty cavity, whereas the FRF
for the right ear is unaffected. Contrasting the corresponding
room mode participating at that frequency will give a better
understanding of the effect. Figure 4 shows an overview of
the cutting planes that are used to visualize the room mode in
figure 5 and figure 6. The colors blue and red both indicate
maximum pressure for that certain room mode, but are phase
shifted by 180 degrees. Green areas indicate node regions of
Zero pressure.
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Figure 4: Porsche 911 Carrera: Overview of cutting planes
as well as investigated source and receiver positions.

By comparing the mode shapes in figure 5 it becomes clear
why the measurement point at the driver’s right ear (the left
ear from the viewer’s perspective) is not affected by the
appearance of the HATS in the cavity. The node line is at the
same position with and without HATS which is the root cause
for the FRF not being influenced by the HATS in this
particular frequency range.
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Figure 5: Porsche 911 Carrera: Comparison of related room
mode for empty and equipped cavity. The cutting plane is
aligned to the ear positions and HATS orientation.
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For the driver’s left ear the situation is different. Between left
ear and hull of the cavity a higher pressure area appears for
the cavity equipped with the HATS. The observation explains
the higher amplitude of the FRF in this particular frequency
range for the left ear. Not only the pressure distribution around
a local area around the head is affected, but the pressure
distribution along the cavity changes as well. The effect of the
changed room mode on the particular frequency range of
interest can be revealed by analyzing FRFs again. But now
with the focus for the FRFs on the source side. The plot of
FRFs from source to receiver “S” for the cavity with and
without HATS in figure 7 shows the effect of the changed
room mode. The pressure field next to the source reaches a
higher amplitude level in the case of the cavity with HATS.
The general overview of the frequency range shows, the effect
on source side is not as dominant as at the driver’s ear
positions (figure 3), but it is worth to mention here that at
some particular frequencies a change of approximately 3 dB
can be detected.

In addition, by the view on the longitudinal cutting plane in
figure 6 a change for the characteristics of the mode shape due
to the appearance of the HATS is remarkable.
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Figure 6: Porsche 911 Carrera: Comparison of related room mode
for empty and equipped cavity. The cutting plane is longitudinally
aligned to the source position in the driver’s footwell.

This indicates that the HATS has not solely an impact on the
measured microphones at the ear positions, but the entire
cavity of the sports car is affected by the HATS appearance
as well.
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Figure 7: Porsche 911 Carrera: FRF relating sound pressure to
volume velocity source at driver’s footwell. Blue line: Empty
cavity; Red line: Cavity with Head And Torso Simulator (HATS).

Porsche Taycan

In the previous chapter the effect of the HATS on the cavity
volume of the Porsche 911 Carrera is discussed. In this
chapter the effect of the HATS on a bigger cavity volume
(Porsche Taycan, 3,3 m?) is of interest.

Again, the FRFs from the source in the footwell to the driver’s
ears (figure 8) are discussed and the FRF from the source to a
receiver close to the source is of interest (figure 11).

In general, the observations that can be made for the effect of
the HATS on the FRFs for the Porsche Taycan are similar to
the ones made for the Porsche 911 Carrera. First characteristic
changes for the amplitude of FRFs start at low frequencies
between 200 - 300 Hz; for higher frequencies the differences
at driver’s ear positions with and without HATS increase
(figure 8). Changings in the low frequent range (215 Hz) can
as well be interpreted by studying the mode shapes (figure 9).
The cutting planes are chosen analogously to the ones from
Porsche 911 Carrera, visible in figure 4.
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Figure 8: Porsche Taycan: FRFs relating sound pressure at driver’s
ear positions to volume velocity source at driver’s footwell. Blue
line: Empty cavity; Red line: Cavity with Head And Torso
Simulator (HATS).

At the driver’s left ear (the right ear from the viewer’s
perspective) at 215 Hz a characteristic change can be detected
which can be explained by a shift of the node line due to the
appearance of the HATS in the cabin.

Figure 9: Porsche Taycan: Comparison of related room mode for
empty and equipped cavity. The cutting plane is aligned to the ear
positions and HATS orientation.

Slight changes of the room mode itself along the longitudi-
nal cutting plane can be observed as well (figure 10),
analogous to the observation for the Porsche 911 Carrera.
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Figure 10: Porsche Taycan: Comparison of related room mode for
empty and equipped cavity. The cutting plane is longitudinally
aligned to the source position in the driver’s footwell.

Due to the changed mode shape of the cavity the amplitude
of the FRF from source to receiver “S” (figure 11) changes
at the considered frequency as well, but not as dominantly as
in the FRFs to the driver’s ear positions, especially the left
ear position (figure 8).
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Figure 11: Porsche Taycan: FRF relating sound pressure to volume
velocity source at driver’s footwell. Blue line: Empty cavity; Red
line: Cavity with Head And Torso Simulator (HATS).

Summary and Conclusion

This work shows how numerical simulations can provide a
deeper insight into the influence of an artificial head on
acoustic characteristics of vehicle cabins. Two cavities are
studied with respect to the effect of the artificial head.
Corresponding significant effects on the airborne sound,
which are known from experiments, are reproduced very well
by the numerical model of the artificial head. In the examples
shown in this paper, the sound pressure level changes at
driver’s ear positions about 8 - 12 dB in some frequency bands
due to the appearance of the HATS, although the considered
frequency range of below 1000 Hz is still relatively small.

An analysis method is presented how to interpret changes in
transfer functions based on observations in cavity
eigenmodes.

Not only the expected diffraction effect of the artificial head
can be revealed by simulation, but also a general effect on the
cavity eigenmodes is visible. If one wants to take these effects
into account in numerical or experimental acoustic
investigations, an artificial head must be used instead of, for
example, a microphone array with underlying filter
algorithms that represent the diffraction effects.
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