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Introduction

One megatrend in automotive audio systems is providing
personal audio zones for multiple passengers due to the trend
towards shared mobility and ride sharing concepts [1]. This
enables individual audio experiences for the passengers on the
one hand side and complies with the requirement of improved
privacy on the other hand.

Requirements on personal audio zones are high-class audio
playback, strong separation of the individual audio zones,
invisible integration, and low costs, for example. From
technical perspective, personal audio zones might be realized
by personal headphones, complex sound fields with multiple
sound sources, or close-to-ear sound radiation. This paper will
focus on the last-mentioned solution by means of sound
sources integrated in the headrest of seats in passenger
vehicles. Current approaches comprise conventional
loudspeakers that are integrated into the seat’s headrest, what
comes with drawbacks, such as limited low-frequency sound
radiation and the need for perforation of the seat covers.
Actuator-based systems of headrest integrations can be
installed close-to-invisible to the headrest and are able to
radiate low-frequency sound.

This paper describes the basic principle of actuator-based
sound systems, including a discussion on chances and risks.
Furthermore, the methodology of integrating actuators into a
seat’s headrest is introduced. Finally, experimental results of
a set of actuators integrated into a vehicle’s headrest will be
presented and discussed.

Basic principle of actuator-based sound systems

The team of Acoustic Solutions at Continental Engineering
Services GmbH develops a novel approach called “Ac2ated
Sound”, that utilizes electrodynamic actuators to excite
existing structures in the vehicle to radiate high-end sound.
Using Ac2ated Sound actuators enables invisible integration
of the sound transducers into structures, such as A-pillar
trims, headliners, and seats. Figure 1 shows the basic principle
of actuator-based sound systems in parallel to the sound
excitation in a violin. For the violin, the vibration is excited
by the interaction of string and bow, what corresponds to the
vibration excitation of the actuator. For transmitting the
vibration, the violin uses the bridge, whereas the actuator uses
the bonding technology. The sound finally is radiated by the
violin’s body and the panel, respectively.
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Figure 1: basic principle of actuator-based sound systems
in parallel to the sound excitation in a violin; (1) sound
excitation, (2) sound transmission, (3) sound radiation

From physical point of view, the actuator might be modeled
as a dual-mass-oscillator fixed to a structure with one mass

[2,3], see Figure 2.
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Figure 2: block diagram of an actuator coupled to a
panel; the actuator is simplified as a dual-mass-oscillator
with one vibrating mass (mvib) and one fixed mass (mrix),

coupled by a spring ¢ and a damper d. The
electromagnetic excitation is modeled as internal
excitation force Fin.. The actuator’s excitation force Fexc
is coupled to the panel, that is excited and finally
radiates the sound

The actuator is simplified as a dual-mass-oscillator with one
vibrating mass (myip) and one fixed mass (my), coupled by a
spring ¢ and a damper d. The electromagnetic excitation is
modeled as internal excitation force Fin. The actuator’s
excitation force Fexc is coupled to the panel, that is excited and
finally radiates the sound.

Compared to a conventional wide range speaker, actuators
might come with several benefits, see Figure 3. With its
unique box-shaped-design, the AS Wide Range actuator
shows some benefits in minimized size, lower weight, wider
frequency range, and reduced complexity regarding
integration and application.
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Figure 3: AS Wide Range actuator of Continental
Engineering Services GmbH compared to a conventional
wide range speaker; the AS Wide Range actuator shows
some benefits in size, weight, frequency range, and
complexity

Headrest integration approach of actuators

In state-of-the-art headrest sound systems, conventional
speakers are used, what comes with the need for a perforated
cover to enable sound transmission. Actuator-based headrest
sound systems do not need a perforation of the cover since the
cover itself is excited to radiate the sound. Thus, an almost
invisible integration is possible, see Figure 4.
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Figure 4: examples for headrest sound systems; left:
state-of-the-art speaker-based integration; right: actuator-
based prototypic integration

For the actuator-based system, the actuators are coupled to the
inside of the cover via a transmission plate. The transmission
plate is designed to perfectly fit the cover’s shape. Only little
foam cut-outs around the actuator are required, but no cavity
or closed box is required in the headrest. The actuator does
not need to be fixed to the support structure of the seat since
it is held in place by the coupling to the transmission plate,
see Figure 5.
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Figure 5: actuator-based headrest integration approach;
actuator coupled to the cover’s inside via a transmission
plate

Experimental investigations

The acoustic performance of the state-of-the-art speaker-
based headrest sound system is compared to that of the
actuator-based solution, see Figure 4. All measurements are
performed in a Mercedes A-Class (W177) with an Audio
Precision APx 515 measuring front-end with 1701 transducer
interface. The excitation signal is a 5 s sine chirp (20 Hz —
20 kHz) at 1 Wyom (=2 Vims). At the driver’s seat (reference),
an artificial head is used to measure the sound pressure level
on a binaural basis. During the measurements, all windows
and doors are closed. The exact measuring positions might be
taken from Figure 6.
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Figure 6: measuring with an artificial head in a
Mercedes A-Class vehicle

The measurement results of the rms sound pressure level for
the actuator-based system (black line) and the speaker-based
system (orange line) is shown in Figure 7.
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Figure 7: measurement results of the rms sound
pressure level for the actuator-based system (black line)
and the speaker-based system (orange line)

The speaker-based system (orange line) shows relevant sound
pressure radiation starting from ca. 700 Hz with highest
efficiency between ca. 900 Hz and ca. 6 kHz. The actuator-
based system radiates sound starting from ca. 120 Hz with
highest efficiency at ca. 200 Hz, what makes it particularly
suitable for applications like active noise cancellation (ANC)
and road noise cancellation (RNC), for example. Both
systems show a drop at ca. 10 kHz due to the shielding effect
of the artificial head’s ears.

Figure 8 shows the total harmonic distortions (THD) of the
actuator-based system and the speaker-based system.
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Figure 8: total harmonic distortions (THD) of the
actuator-based system and the speaker-based system;
both systems show low distortions for frequencies higher
than their individual lower corner frequency (200 Hz and
700 Hz, respectively)

The actuator-based system shows low distortions from ca.
120 Hz, since ca. 120 Hz is the lower corner frequency for the
sound radiation, see Figure 7. The two peaks at ca. 1.1 kHz
and ca. 1.6 kHz do not necessarily indicate high distortions
since there is a reduced sound radiation of the fundamental at
these frequencies, see Figure 7. The speaker-based system
shows low distortions starting from 700 Hz on, what equals
the corresponding lower corner frequency of sound radiation.

One critical point in close-to-ear sound systems is the
challenge of changes in sound perception with variations in
head positions (“out of position”). Therefore, an investigation
was performed with the artificial head positioned in three out
of position situations with the actuator-based system in the
headrest used as a sound source, see Figure 9.

10 cm
20 cm

Figure 9: three out of position situations investigated to
check for changes in sound perception if the head is
positioned away from the actuator-based sound source

Figure 10 shows the measured sound pressure level for the
reference position (black line) and three out of position
situations (yellow, blue, and red lines).

For the out of position situations of 5 cm and 10 cm, only
minor changes in the measured sound pressure level occur.
However, for the out of position situation of 20 cm, relevant
changes in the measured sound pressure level occurs. Hence,
the sound playback via headrests is assumed to be rather
stable for out of position situations of <20 cm.
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Figure 10: sound pressure level for the reference position
(black line) and three out of position situations (yellow,
blue, and red lines); actuator-based system used in the
headrest as sound source

Summary and conclusions

The basic principle of actuator-based sound systems was
introduced and differences to a conventional sound system
comprising conventional speakers were highlighted. One
integration approach for actuators mounted to the inside of a
headrest via a transmission plate was presented. Measurement
results revealed that actuator-based sound systems integrated
into a headrest are capable of radiating sound from low
frequencies, such as 120 Hz to highest frequencies, such as
20 kHz. Therefore, actuator-based sound systems in headrests
are particularly suitable to be used in combination with active
noise cancellation (ANC) and road noise cancellation (RNC).
Furthermore, actuator-based sound systems — not only in
headrests, but in all applications — come with the benefit of a
close-to-invisible integration, giving designers the freedom
for generating undistorted clean surfaces.

In the next steps, the achievements in hardware integration of
actuators to headrests will be enhanced with software
algorithms to further improve the sound experience for
vehicle passengers.
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