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Abstract
The participants of the EU-project ACASIAS develop advanced concepts for aero-structures with multifunc-
tional capabilities. Within work package 3 an active system for noise reduction is integrated into a lining
panel. The application scope includes current propeller driven aircraft and future aircraft with counter-
rotating open rotor (CROR) engines. The drawback of these CO2-efficient engines is their high sound emis-
sion in the frequency band up to 500 Hz. Active noise reduction systems are able to achieve performance in
this frequency band while passive sound insulation materials fall behind. In this paper an integration concept
for the actuators and sensors of an active noise reduction system is presented. It includes the protection of
the components from humidity, dust, etc. and the integration into industrial manufacturing processes. A
tool- and connector-free assembly of the components allows a fast and reliable maintenance. The concept is
implemented on a lining with size 1300×1690 mm2.

1 Introduction

The European Commission demands in the Horizon 2020 framework program for fuel and CO2-efficient
mobility. Especially aviation has a key role to play. CROR propulsion systems are in discussion for sub-
stitution of jet engines. Their sound pressure level of up to 130 dB [1] in their near-field and blade passing
frequencies starting at around 100 Hz are challenging for common acoustic insulation concepts of the cabin.
New strategies for the reduction of sound pressure in the cabin need to be established. Active noise reduction
systems are a promising technology to achieve significant reduction of tonal noise transmission. Many active
systems that reduce the sound transmission through single and double-walled structures are developed in the
past [2, 3]. Most contributions deal with the placement of actuators and sensors and the enhancement of
the controller and its algorithm. Often, cost-intensive components like high-end microphones are used in
laboratory setups.

The ACASIAS project has set itself the goal to go the next step towards an industrial realization of an active
noise reduction system. In this paper low-cost and off-the-shelf components are selected for a cost efficient
implementation. An integration technology for the actuators and sensors of the active system is proposed
that is applicable in series production and provides fast maintainability. In the beginning the components
of the system are discussed. Afterwards, the manufacturing process is described followed by look on the
experimental setup.
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Figure 1: Lining in front of A350 fuselage Figure 2: Lining layup

2 Components

2.1 Lining

The platform for demonstrating the ACASIAS work package 3 innovations is a curved lining panel. With
its dimensions of 1300× 1690 mm2 (W×H) it complies to the dimensions of original A350 sidewall panel.
The partners agreed to neglect the window cut-outs since the effort and the costs for manufacturing an
adequate mold would have exceeded the financial framework. Furthermore, the new technologies can be
presented without loss of generality with the given approach. To provide compatibility with original linings,
the positions of the windows and the air ducts are handled as restricted areas. No actuators, sensors or wiring
can be placed in these areas. In Fig. 1 the lining panel is shown in front of a A350 fuselage section. This
section is available at DLR and consists of three frames with two windows. At each frame two shock mounts
hold the lining. Together with original fuselage insulation packages a realistic mounting of the lining in the
acoustic test stand is given.

The lining is designed as a sandwich part. An inner honeycomb core is stabilized by a top layer of glass fiber
prepreg on each side. In series production the core is crushed in a press during the curing cycle. Since a
press is not available for manufacturing at the partner’s site, the active lining is manufactured with an intact
honeycomb core. The results generated here can later be transferred to the crushed core component without
restrictions. Nevertheless, the final thickness shall comply to the original one. The layup of the lining is
shown in Figure 2. It has been defined together with the industrial advisory board member Diehl Aviation.
The inner layer is a fine meshed prepreg with thickness tI . It generates a very flat surface that faces the
passengers and it is equipped with customer-specific coating. On the inner layer a honeycomb core with
thickness tC is placed. On top of the core a single layer of very rough and open glass fiber prepreg with
thickness tO finalizes the layup. Table 1 summarizes the material and the dimension of each layer. The
target thickness of the final lining is approximately 7 mm.

2.2 Actuators

The actuators of an active system have to initiate forces in order to manipulate the vibrations of the underlying
structure. Most common types of actuators in smart-structures technology for the control of vibrations
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Table 1: Lining layers

Description Material Thickness

Outer layer Gurit PF811-G231-32 tO = 0.20mm

Core Nomex honeycomb tC = 6.50mm

Inner layer Gurti PH600-G227-40 tI = 0.19mm

Table 2: CROR frequencies

f1 = 119.4 Hz
f2 = 149.2 Hz
f3 = 268.6 Hz = f1 + f2

f4 = 388.0 Hz = 2f1 + f2

f5 = 417.9 Hz = f1 + 2f2

Figure 3: Exciter ELACr 84006

and noise are electrodynamic exciters and piezoelectric patches or stacks. In this paper vibrations in the
frequency bandwidth from 100 to 500 Hz have to be controlled, see Table 2. In previous projects [4, 5,
6] electrodynamic exciters showed outstanding performance in this bandwidth compared to piezoelectric
actuators. Additionally, instead of several hundreds of volts the electrodynamic exciters are driven with
voltages lower than 24 V. These facts make them ideally suited and they are chosen as actuators for this
active lining.

For the choice of the exciter brand, a market survey among leading exciter manufacturers like VISATONr,
DAYTONr, TECTONICr and ELACr with a subsequent experimental performance test have been conducted
in [7]. The experimental exciter comparison based on the determination of the force factor Bl of each exciter.
Finally, the ELACr 84005 was chosen for application. Drawback of this exciter type is its high mass of 100 g.
To overcome this issue, it was agreed with the manufacturer to setup a small batch of custom made exciters
with reduced weight but comparable performance. The result is the exciter ELACr 84006 which is shown in
Figure 3. Its weight could be reduced to 77 g by decreasing the size of the iron core.

2.3 Sensors

Controller decisions base upon signals from sensors. The controlled variables are either directly measured
or reconstructed by an observer. In this application the objective of the controller is to reduce the sound
pressure level at the passenger’s ears while the noise transmits through the lining. The lining itself shall
be an integrated component without external sensors. Thus, microphones located at the seats are excluded
by default. The so-called remote microphone technique [8] gives the opportunity to estimate the sound
pressure level at certain predefined position in front of the lining. The required observer uses measurements
of structural accelerations normal to the surface of the lining. One objective of the ACASIAS project is
to bring active structures closer to series production. Therefore, accelerometers realized as micro-electro-
mechanical system (MEMS) are chosen for the active lining. Comparative measurements with laboratory
equipment, from PCBr e.g., showed the suitability of MEMS for control applications. In a market survey
devices from two main manufacturers, STr and ANALOGDEVICESr, were compared in terms of their specs.
In order to fulfill the requirements given in [7] the accelerometer ADXL 354B is chosen for the active lining.
It is a three axis accelerometer with two switchable measurement ranges of ±2 g and ±4 g in a bandwidth
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Figure 4: ADXL 354B evaluation board Figure 5: Accelerometer connection diagram

of 1.5 kHz. Only a single axis which measures perpendicular to the surface of the lining is used for control.
The acceleration is output as analogue signal. Digital signal output via serial peripheral interface (SPI) and
Inter-Integrated Circuit (I2C) were taken into account. Timing issues, limited address space and connection
complexity lead to neglect them finally. With analogue output the controller is able to minimize time delay
by synchronous sampling. Figure 5 shows the connection of three ADXL 354B with the controller (master)
for example. For all sensors supply (VS) and ground (GND) are provided as input. Each sensor delivers its
output on a separate data line directly to the master. The use of analogue output leads to an efficient design
with only three lines per sensor.

2.4 Actuator & sensor definition

The actuators and sensors are defined in a two-step procedure. Firstly, the required number and secondly,
the placement of the transducers is determined. This process is not independent from the dominant noise
sources (load case) present in the aircraft. Here, two different load cases are considered for the definition
of the sensors and the actuators. These are, first, a multi-tonal excitation of a CROR engine and, second, a
broadband excitation typical for a turbulent boundary layer excitation (TBL). For the sensor definition, the
defining load case is the broadband excitation whereas the actuators are defined for the CROR load case. In
both cases the number of transducers is more important than the placement. A detailed description of the
process of actuator and sensor definition is provided in [8]. The following description briefly summarizes
the main considerations and results of this process. Theoretically, for the deterministic CROR load case, a
single remote sensor is sufficient to estimate the pressure at the virtual locations. However, the use of a single
remote sensor is considered unreasonable with regard to robustness because its failure would tie the whole
system. Furthermore, in the broadband case, an accurate pressure estimate requires a sufficient number of
remote sensors. A quantification of sufficiency is provided by the multiple coherence function. Therefore,
it is applied as a metric to, firstly, define the required number and, secondly, the best combination of remote
sensors. The best sensor configuration with six remote sensors, see Figure 6 achieves a mean coherence
value (averaged in the considered frequency range and over all microphones) of app. 80 % which explains
roughly 90 % of the sound pressure level (SPL) in front of the lining (for the broadband load case).

The number of actuators is determined by the requirement of sufficient control authority to counteract the
SPL in front of the lining induced by the CROR engine. The SPL produced in the laboratory by a loudspeaker
array in front of the fuselage is roughly 113 dB and the SPL estimated for a real CROR engine is 130 dB [1].
Therefore, the selected actuator configuration must provide a gain margin of at least 17 dB (app. a factor of
7). The evaluation of actuator FRF (voltage to sound pressure) for different positions on the lining provides
an estimate of the required actuator number and, furthermore, permits the selection of the most suitable
positions. It turns out that four actuators of the type ELACr 84006 are suitable to reduce the SPL in front
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Figure 6: Sensor and actuator placement on lining, passenger’s view

of the lining. Figure 6 summarizes the placement of the components. For a transfer of the results to a lining
from series production, the areas with windows and air condition ducts are treated as forbidden with regard
to placement and routing.

2.5 Wiring

In order to minimize the interfaces between lining and the aircraft, all sensor and actuator signals are routed to
a single main connector per lining. Flexible printed circuits (FPC) are used to generate a wiring that connects
all components while keeping its weight on a minimum. The FPC and the main connector are bonded on the
outer side of the lining comparable to the inserts. Figure 7 shows a few samples from manufacturing tests.
The wires are equipped with soldering pads for the main connector. The two top ones are actuator wires
with two lines each. They are terminated by a connector to establish the connection to the insert. The lower
two wires are made for sensor inserts. Three lines run from the soldering pads to the open connector pads.
The pads are directly inserted into the connector of the sensor insert. The connection to the insert differs
for actuators and sensors since the amperage is much higher for the actuator inserts. Each wire type has a
small and a broad version. In the broad version additional shielding lines are placed in between the data
lines. Even though test in the lab show low signal interference, the broader version with shielding is chosen
for manufacturing the final active lining. According to the positions of actuators and sensors on the lining a
routing of the wires is calculated, see Figure 8. The square where all wires end is the position of the main
connector.

2.6 Inserts

Choosing low-cost and lightweight actuators and sensors is only one step towards series production. Beside
this, the components have to be integrated into the structure and also in the manufacturing process. Topics
like handling and maintainability have to be addressed. To cover all these topics in an appropriate manner, an
integration concept using inserts is proposed in ACASIAS. Typically, an insert is a part that is integrated into
a sandwich or fiber-reinforced structure by bonding. It integrates additional functionality into the structure
like threads to join different structural components. In ACASIAS the inserts are used to integrate actuator
and sensor functions to the structure. The inserts proposed here completely encapsulate the actuator/sensor
in order to protect it from moisture and dust intrusion, see Figures 9-10. This approach allows an easy
handling of the components and a seamless integration into the manufacturing process. To enable a repair
and maintenance, the inserts are subdivided into two parts. A base part, see Figures 9(a)-10(a), which is
connected to the wiring and is bonded in an indentation of the sandwich. A second top part houses the
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Figure 7: Wire samples Figure 8: Routing of the wires on backside of lining

actuator/sensor, see Figures 9(b)-10(b). It can be easily inserted into the base part and removed and replaced
in case of failure. The mechanical connection of base and top part is realized with a kind of bayonet lock.
While inserting and turning the top part the electrical connection is established as well. Spring contacts
in the top part guarantee a reliable connection in case of vibrations and manufacturing inaccuracies. Two
snap connectors at the outer side prevent the loosening of top and base part due to shock or vibration. An
appropriate load transmission between top and base part is addressed with a circumferential shoulder. Since
the actuator and sensor types have different footprint sizes and heights, two versions of the inserts with nearly
identical design exist.

The base part of the insert integrates a printed circuit board (PCB) that connects the FPC on the lining to the
actuator/sensor. The connector in the outside tab is placed in the same indentation as the base part. After the
connection to the FPC is established this part of the indentation is sealed with resin to prevent moisture and
dust intrusion. In the top part the spring contacts are placed on a PCB as well. The actuators and sensors
connect to this PCB by flexible wires that run through a strain relief. Relevant insert data is summarized in
Table 3.

(a) Base (b) Top (c) Combined

Figure 9: Actuator insert
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(a) Base (b) Top (c) Combined

Figure 10: Sensor insert

Table 3: Insert data

Description Sensor Actuator

Max. diameter 62.4 mm 82.0 mm
Height above lining 13.2 mm 27.2 mm

Weight 27 g 120 g

3 Manufacturing

As mentioned above, manufacturing of a lining panel with crushed core is beyond the scope and the financial
framework of the project. An alternative method had to be established to manufacture the active lining for
ACASIAS keeping in mind that additional steps for the insert and wiring integration have to be portable to
the methods in series production.

Based on the curvature design of the lining a positive mold is milled from an epoxy reinforced Polyutherane
(PU) foam block. The layup is built upon the mold in the order given in Table 1. The inner layer is the first
one on the mold pointing towards the passengers. After laying the outer coarse-meshed prepreg, aluminum
stamps are placed on it. These stamps are located at the desired sensor and actuator positions as well as the six
mounting points. At the positions of the stamps the core is crushed to a predefined height and a indentation
is created for the integration of the components. For reinforcement of the indentations an additional layer of

Figure 11: Lining on the mold (blue) Figure 12: Fully equipped active lining
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Figure 13: Manufacturing of lining

fine prepreg is placed under the stamps. The entire setup is sealed and cured under vacuum in an autoclave
process. Figure 13 summarizes the curing process.

Up to the curing the entire process can easily be mirrored to series production. The next step, the application
of the wiring and the insert’s bases, supplements series production. Experiments with wiring and the open
prepreg from the outer layer showed that a reliable bonding is achieved. As mentioned above, the wiring
is fed into the insert’s bases, sealed and mechanically stabilized with adhesive. Beside the inserts, the six
mounting brackets are bonded. Afterwards, the main connector is soldered to the terminating solder pads of
the wiring. Finally, all insert’s top parts are mounted. The entire manufacturing process can be summarized
as follows:

• Layup lining panel on mold

• Position aluminum stamps

• Cure lining in autoclave

• Bond wiring, insert’s bases & mounting brackets

• Solder main connector

• Mount insert’s top parts

This process extends the series production of lining panels and makes the additional integration of active
components easy to realize. The result of the manufacturing process is shown in Figure 12. It is a view on
the backside of the manufactured ACASIAS active lining.

4 Experiments

The experiments with the active lining will be conducted in the acoustic transmission loss test facility (ATB)
of DLR in the remaining duration of the project. The facility consists of a reverberation and an anechoic room
which are connected by a test opening to mount the test specimen. To create a realistic test environment for
the active lining, a Airbus A350-like fuselage panel is mounted in the test opening, see Figure 14. A wooden
frame adapts the size of the opening to the size of the fuselage panel. The panel has two windows and three
frames with a distance of 635 mm. Nine stringers run perpendicular to the frames with a distance of 200 mm.
Here, the stringers are covered by insulation material. Six shock mounts, two at each frame, are available for
the mounting of the active lining. Figure 15 shows the active lining mounted in front of the A350 panel. To
avoid leakage the sides around the lining are filled with insulation material for acoustic tests. Here, a shaker
with a load cell is attached to the lining for modal testing.

Beside the excitation with a shaker, a realistic CROR excitation is generated by a loudspeaker array (LA)
in the reverberation room of the ATB, see Figure 16. The 112-channel LA is composed of 14 rows each
containing eight loudspeakers. The rows of the array are arranged on a circular path to enable a constant
distance from each loudspeaker membrane to a cylindrical fuselage structure. By linear bearings these rows
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Figure 14: A350-like fuselage panel Figure 15: Active lining with shaker

are adjustable to different fuselage diameters or even a planar panel. The loudspeakers have a horizontal
and vertical distance of 140 mm and can be driven by independent signals using a PC playback system.
The frequency response of the loudspeaker is linear in the bandwidth of 80-8,000 Hz. The fuselage panel is
positioned in the near-field of the loudspeaker array.

Each loudspeaker signal is calculated individually. Driving each loudspeaker by a particular signal, complex
sound pressure fields can be synthesized on the fuselage. The algorithm used here calculates loudspeaker
signals to synthesize the target sound pressure spectra at specified microphone positions on the fuselage.
These target spectra are derived from numerical CROR engine simulations and propagated towards virtual
surface microphone positions on the test fuselage [9].

For the analysis of the performance of the control system different measures have to be taken into account.
The normal velocity of the lining panel is measured using a POLYTECr PSV-400 scanning vibrometer (LSV)
on a grid of app. 1,000 scan points. The emitted sound intensity of the lining is measured with a BRÜEL
& KJÆRr probe 3599 (SIP) and a PULSE front-end. The transmission loss of the lining is determined by
measurements of the sound pressure level in the reverberation room and the sound intensity of the lining in
the anechoic room. For this purpose an omnipower sound source (OSS) is placed in the reverberation room
where it emits white noise.

Figure 16: 112-channel loudspeaker array
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The experiments to be carried out are summarized in Table 4.

Table 4: Experiments

Description Excitation Measurement

Modal testing Shaker LSV
Operating deflection shapes CROR with LA LSV

Transmission loss OSS SIP
Controller tests CROR with LA LSV, SIP

5 Conclusion & Outlook

Within this paper a concept for the integration of components in an active lining panel is presented. An
industrial manufacturing process supplements the series production process. The insert concept allows a
seamless integration of the actuators and sensors into this process. Handling and maintenance requirements
are addressed by the two part insert. Lightweight FPC facilitate the wiring process and realizes robust
connections in terms of shock and vibration. The entire concept of an active lining as an embedded system
gives the opportunity to retrofit existing turboprop aircraft with an active noise reduction.

The next step in ACASIAS will be the execution of the experiments presented above. The results of the
modal analysis will be the input to update finite element calculations of the active lining. Transmission
loss tests will be compared to results measured with linings from series production. The controller test will
demonstrate the power of active noise reduction with respect to CROR excitation. Finally, a weight analysis
will explore the possibility of series production.
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