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Abstract
The transmitted noise reduction (NR) of passive and active hybrid panels is
experimentally studied. The concept of hybrid panels is based on a
combined approach for noise controls: a passive approach for mid and high
frequencies and an active approach for low frequencies. Active and passive
hybrid panels are demonstrated. An active-hybrid single panel is made with
a plate structure on which piezoelectric sensor/actuators are bonded in
conjunction with a simple controller. Sound absorbing material is bonded on
the structure to effectively reduce the transmitted noise in mid frequencies.
An active-hybrid double panel is also made by using another single plate to
maintain an air gap. To prove the concept of hybrid panels, an acoustic
measurement experiment is performed. Instead of using the active control
system, a passive shunt damping is used for the NR in low frequencies. This
is called a passive-hybrid panel. The use of sound absorbing material and an
air gap is effective for noise control in mid and high frequencies.
Meanwhile, the active approach and the passive shunt approach are useful
for noise control at lower resonance modes. These hybrid panels
demonstrate the potential for NR at broadband frequencies.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Noise radiating from vibrating structures is an important
engineering problem and much effort has been devoted to
resolving the problem. There are two distinct approaches
in noise control: passive and active methods. In a passive
approach, the use of sound absorbing material is effective at
mid and high frequencies for noise reduction (NR). However,
since an increasing amount of material is required for effective
NR at low frequencies, a passive approach is impractical for
low frequency applications. In contrast, an active approach
uses actuators and sensors with an appropriate controller so
as to achieve NR at certain frequencies. Successful NRs have

4 Author to whom any correspondence should be addressed.

been obtained by using piezoelectric devices as sensors and
actuators such that active structural acoustic control has been
achieved [1]. However, this approach becomes unfeasible
at high frequencies due to the increased computational loads
induced by the higher sample rate and a complicated controller
for increased numbers of sensors and actuators. To expand the
NR performance of active approaches to higher frequencies,
optimal placement of sensors/actuators, optimal configuration
of sensors/actuators and optimal controller design have been
studied [2–4]. Escaping from these difficulties, it is beneficial
to combine passive and active approaches to achieve a
broadband noise control, utilizing the passive effect at mid
and high frequencies and the active effect at low frequencies.

One of the applications of hybrid noise absorption has
been provided by using a porous plate placed in an impedance
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tube a small distance away from a control speaker located
at the end of a tube [5]. A reference microphone signal
is manipulated by a complex amplification factor so as
to minimize the sound pressure at an error microphone
directly behind the plate. This effective anechoic termination
to a tube led to wider possibilities for the active control
of surface acoustic properties. Also, an active anechoic
termination composed of a fiberglass absorbing layer has been
investigated, whose absorbent properties are improved by a
secondary sound source [6]. A zero pressure condition on the
backward interface of the absorbing material was generated
by destructive interference, which is a necessary condition
for maximum absorption. Both numerical and experimental
results were given and the anechoism for broadband excitations
was provided. Another active sound absorbing system,
normally foam–PVDF smart skin, has been investigated [7].
The smart skin was designed to reduce sound by the action
of the passive absorption of the foam and the active input
of an embedded PVDF element driven by an oscillating
electrical input. For performance testing, the foam–PVDF
was mounted near the surface of an oscillating rigid piston
mounted in a baffle and a feed-forward LMS controller was
used to minimize the signal of an error sensor located at far-
field under broadband excitation (0–1.6 KHz). More than
20 dB attenuation of globally radiated sound was obtained
from the broadband excitation. An experimental study of a
broadband hybrid absorption system, which comprised of a
layer of sound absorbing material positioned at a distance
from a movable wall inside an impedance tube, has been
investigated [8]. Both pressure-release and impedance-
matching boundary conditions were studied and it was found
that the impedance-matching condition provides significantly
better absorption than that achieved with the pressure release
condition.

In this paper, the concepts of active and passive hybrid
panels are proposed and experimentally tested. The active
hybrid panel is a plate structure on which piezoelectric
sensors/actuators are bonded and an active algorithm is
connected. Sound absorbing material is bonded on the
structure to effectively reduce the transmitted noise in mid
and high frequencies. The passive hybrid panel is constructed
by substituting the active control system with passive-
piezoelectric shunt damping. A resonant shunt damping is
used for the NR at lower resonant frequencies of the panel.
For testing the hybrid panels, an acoustic tunnel experiment is
performed. Advantages and disadvantages of these panels are
discussed.

2. Hybrid panels

2.1. The concept of active hybrid panels

The transmission loss of homogeneous panels generally
varies with frequency, as shown in figure 1 [9]. At the
lower frequencies, the transmission loss fluctuates due to
the presence of resonances of the panel. There are an
infinite number of resonance modes and at each of these
natural frequencies the panel is nearly transparent to sound,
so the transmission loss approaches zero. As the name
implies, damping has a strong effect on the transmission

Figure 1. Transmission loss of panel.

in the stiffness-controlled region. The effectiveness of a
panel can be enhanced by the addition of damping. Thus,
we propose to use the piezoelectric active damping utilized
by piezoelectric sensors/actuators with a proper controller.
This will make panel structures lightweight and possessing
high damping properties at resonance frequencies. Above
the stiffness-controlled region, the mass-controlled region is
entered, where the transmission is determined by the mass of
the panel. In this region, the transmission loss increases at
a rate of 6 dB per doubling the frequency, and doubling the
surface density also causes a 6 dB increase in transmission
loss, independent of the stiffness or damping. The mass law
performance can be exceeded by the use of multiple panels
with air cavities or in combination with absorbing material.
Thus, the combination of sound absorbing materials and/or
an air gap in a panel structure is proposed in this research. At
higher frequencies, in the critical frequency region, one further
resonant-like effect, so-called coincidence, appears which
reduces the transmission loss of panel materials below the
mass law predictions. Because this coincidence phenomenon
depends on flexural bending of the material, high internal
damping or the application of external damping will smooth
out coincidence dips.

Figure 2 illustrates the concept of active hybrid panels.
Sound absorbing material and /or an air gap are used to
enhance the NR in the mid and high frequency regions. The
active approach of a piezoelectric sensor/actuator is adopted
for the low frequency region. Instead of using a complicated
controller, negative feedback is used instead.

To verify the proposed concept, several panels are tested:
an active-hybrid single panel (AHSP) and an active-hybrid
double panel (AHDP). The AHSP is composed of a plate
structure on which piezoelectric sensors/actuators are bonded
and a sound absorbing material is glued. The concept of AHSP
is shown in figure 2(a). A 300 mm × 300 mm × 0.8 mm square
aluminum plate is used for the host panel and 10 mm thick
polyurethane foam is glued onto the plate. A piezoelectric
actuator is located at the center of the plate, which is the anti-
nodal point for symmetric modes, and a piezoelectric sensor is
positioned on the diagonal line of the plate. The sensor signal
is returned to the actuator with a negative feedback gain to
achieve active control. It is beneficial to reduce the vibration
at the first resonance mode to suppress the radiated noise from
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Figure 2. Schematic diagram of active hybrid panels; (a) AHSP and
(b) AHDP.

the panel since this mode is a strong radiator. It is well known
that the use of a double panel improves the transmitted NR
at mid frequencies. Thus, AHDP is provided as shown in
figure 2(b).

2.2. The concept of passive hybrid panels

Instead of using a complicated controller for active structural
acoustic control at low frequencies, the use of piezoelectric
shunt damping has merits since this technology is a passive
method that requires only a simple and cheap shunt circuit. The
proposed passive hybrid panel is basically a plate structure onto
which the piezoelectric patch with a shunt circuit is connected.
In addition, passive sound absorbing material is bonded on one
side of the aluminum plate to enhance the NR in mid and high
frequency regions (passive-hybrid single panel, PHSP). Note
that there is no active element. The connected shunt circuit
effectively dissipates out the electrical energy produced from
the piezoelectric patch as heat energy. To verify the PHSP
concept, a 300 mm × 300 mm × 0.8 mm square aluminum
plate is used as the host structure and 15 mm thick polyurethane
foam is glued onto the plate. A piezoceramic patch (PZT-5)
is located at the center of the plate, to take into account the
first and second symmetric modes. A resonant shunt circuit
composed of a resistor and inductor in series is connected to
the piezoceramic patch. Figure 3 shows the concept of the
PHSP.

Piezoelectric shunt damping is an energy dissipation
mechanism. Open circuited piezoelectric patches store some
portion of the induced mechanical strain energy as electrical

Figure 3. Schematic diagram of a passive hybrid panel.

energy, and when a certain resistor is connected across the
electrodes, the stored energy begins to flow through the circuit
so as to dissipate the energy as heat. In this connection, an
inductor is added to cancel the reactive component of the
piezoelectric material. The electrical resonance in the shunt
circuit with piezoelectric material, for which the resonance
frequency is corresponding to that of a mechanical system,
helps more charge to flow through an adequately chosen
resistor. This is the so-called resonant shunt. Since the
maximum energy dissipation does not happen at the resonance
frequency of the system, the choice of the optimal inductance
and resistance is the key. In this paper, the new parameter
tuning method, based on an electrical impedance model and
the maximum dissipation energy criterion, is adopted and the
same procedure is followed [10].

3. Experimental set-up for acoustic test

To test the transmitted noise reduction performance of smart
panels, the transmission measurement from low to high
frequencies should be available. For most panel materials
the transmission loss has been measured experimentally under
strict control. The experimental procedure most often used
follows the ASTM standard E 90 (Standard Recommended
Practice for Laboratory Measurement of Airborne Sound
Transmission Loss of Building Partitions) [9]. The basic
procedure is to mount the test panel as a partition between
two reverberation rooms. Measurements are made of the NR
between the source room and the receiving room. Since the
above test facility is too expensive, a simple acoustic tunnel
was contrived. In general, the sound propagating along a
tube can be considered as a plane wave. When a panel is
inserted across the tube, however, the plane wave assumption
may not be true due to the presence of vibration modes of
the panel. Under the plane wave assumption, the impedance
tube technique can be used for the reflection measurement.
In this study, since the plane wave assumption may not be
guaranteed, a specially designed acoustic tunnel was made
(figure 4). The basic structure of the acoustic tunnel is a square
tube of 300 mm × 300 mm cross section and 4 m long. The
tunnel is divided into two parts—upper and lower part— of
equal length. A loudspeaker is attached at the end of the upper
part and an anechoic terminator made with a wedge is installed
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Figure 4. Schematic diagram of experimental apparatus.

0 100 200 300 400 500 600 700 800

40

60

80

100

120

 Without wedge

 With wedge

S
o

u
n

d
 P

re
s

s
u

re
 L

e
v

e
l 

(d
B

)

Frequency (Hz)

Figure 5. Effect of the anechoic terminator.

at the other end of the lower part. Specially designed flanges
are provided where the two parts meet and hybrid panels can
be mounted between them. The four edges of the hybrid
panels are clamped using bolts and two sections are tightly
connected so as to secure the pressure leak. The tunnel is
made of 4.5 mm thick steel plates to ensure an acoustically
hard surface. Sixteen holes are made in lower and upper parts
of the tunnel to measure the sound pressures across the cross
section of the tunnel at four locations.

To see the effect of the terminator, the loudspeaker was
freely excited in the absence of the terminator and the pressure
measured at the center of the tunnel was compared with the
result when the terminator is used (figure 5). When the wedge
terminator is not mounted, pressure dips appeared due to the
resonance of the open tunnel. However, these dips disappeared
when the wedge terminator is used, which means that the
wedge terminator eliminates the reflection at the end of the
tunnel. The cut-off frequency at the wedge is 60 Hz and this
can be seen in figure 6.

From repeated measurement of the sound pressure distri-
bution at the cross section of the tunnel, the frequency limit of
the plane wave assumption was found to be 800 Hz (figure 6).
Under this limit, one can use the impedance tube technique or
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Figure 6. Measured sound pressure level at each section.

two-microphone measurement technique to measure the trans-
mission and reflection coefficient of the panels.

In the transmission measurement, four microphones
installed along the diagonal of the lower section are used, as
shown in figure 4. From the accumulated measurement results,
no difference between the four microphones was observed at
low frequencies but fluctuations happened beyond 800 Hz, as
shown in figure 6. This is due to the pressure variation across
the cross section in the tunnel.

4. Experimental results and discussions

4.1. Host panel

Before testing the hybrid panels, the sound transmission of
the host plate with sound absorbing material was tested. An
aluminum plate of 300 mm × 300 mm × 0.8 mm is tightly
clamped across the test tunnel using bolts and 10 mm thick
polyurethane form is bonded onto one side of the plate. For
the host plate only, the first and second resonance frequencies
are 69 and 248 Hz, respectively. Figure 7 shows the transmitted
sound pressure level of the host plate and the plate with
absorbing material. When the absorbing material was glued
onto the plate, the first and second modes were lowered to
63 and 201 Hz, respectively, due to the added mass effect.
The transmitted sound pressure in the mid frequency region
was reduced by using the sound absorbing material. A double
panel was made by padding another single plate, 10 mm apart
from the host plate. When the 10 mm air gap was used, the
transmitted sound pressure level was remarkably reduced at
the mid frequency region (figure 7). However, the pressure
level was not changed at the first resonance frequency in the
presence of the sound absorbing material and the air gap.

4.2. Active hybrid panels

For the active structural acoustic control at lower resonance
modes, the AHSP was constructed. Two circular PZT disks
(25 mm in diameter and 1 mm in thickness) were bonded at the
center and at the anti-nodal line of the plate (225, 225 mm).
A polyurethane form was bonded onto the other side of the
plate. The PZT disk located at the anti-nodal line is used as a
sensor and the sensor signal is returned to the actuator (center
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Figure 7. Transmitted sound pressure level of host plate and double
plate with sound absorbing material.

PZT disk) with a negative feedback gain. Figures 8 and 9
depict the transmitted sound pressure level, sensor and actuator
signals for the first and second resonance modes, respectively.
The actuator signal is exactly out-of-phase with the sensor
signal at the first resonance but it is in-phase at the second
resonance due to the plus and minus displacements at the sensor
and actuator positions. Transmitted sound reductions of 8
and 13 dB were achieved at the first and second resonance
frequencies, respectively. To see the NR at off-resonance
frequencies, 110 and 160 Hz were tested (figure 10) and the
transmitted sound pressures were reduced by 5 and 3 dB,
respectively. These reductions were achieved by tuning the
feedback gain only.

Figure 11 shows the transmitted sound pressure, sensor
and actuator signals for the AHDP at 92 Hz. Since the sound
reduction of the double panel in the mid frequency region
is larger than that of the single panel, the AHDP has more
potential for reducing the transmitted sound pressure at a
broadband frequency.

4.3. Passive hybrid panels

To verify the proposed concept, a PHSP was manufactured.
A 300 mm × 300 mm × 0.8 mm square aluminum plate
was used for the host structure and 15 mm thick polyurethane
foam was glued onto the plate. A piezoceramic patch (PZT-5)
was located at the center of the plate to take into account the
first and second symmetric modes. A resonant shunt circuit
composed of a resistor and inductor in series was connected to
the piezoceramic patch.

The selected frequency is 226 Hz for the PHSP. The
optimal values of inductor and resistor were found according
to the tuning procedure in [10] (table 1). Since the optimal
inductance value is not feasible in practice, a synthetic inductor
was used [11]. The synthetic inductor is lightweight and can
generate various inductance values, but it also has a resistance
proportional to the inductance, which is not desirable for
designing the optimal resistance in the shunt circuit. The
inductance value of the synthetic inductor was measured at the
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Figure 8. Active control of AHSP (first resonance: 69 Hz): (a)
sound pressure, (b) sensor signal and (c) actuator input voltage.

resonance frequency by using the impedance analyzer (table 1).
Similar values for the shunt circuit parameters were observed.

Figure 12 shows the sound pressure levels for the PHSP.
When shunt damping was provided at 226 Hz, the sound
pressure level was reduced by 5 dB. Since the use of additional
sound absorbing material already reduced the sound pressure
level by 8 dB over the second resonant peak, the total
reduction at the second peak is 13 dB. One difficulty in the
PHSP is in tuning the inductance value for low resonance
modes. An improvement in tuning the large inductance is
required for low resonance modes. In conclusion, the passive
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Table 1. Resonant shunt parameters.

Frequency (Hz) Parameter Designed Measured

Single panel 287 R2 (�) 255 48
L2 (H) 1.355 1.28

Passive-hybrid 226 R2 (�) 350 115
single panel L2 (H) 2.38 2.36
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Figure 9. Active control of AHSP (second resonance: 248 Hz):
(a) sound pressure, (b) sensor signal and (c) actuator input voltage.

hybrid approach combining passive shunt damping and sound
absorbing material is a promising technology for noise control
over a broad frequency band.
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Figure 10. Transmitted sound pressure level of AHSP (off
resonance: 160, 110 Hz): (a) sound pressure at 160 Hz and
(b) sound pressure at 110 Hz.

5. Conclusions and remarks

To reduce the noise at broadband frequencies, new concepts
of passive and active hybrid panels were proposed and an
experimental study was performed. An active hybrid panel was
made with a host plate onto which piezoelectric sensors and
actuators, a negative feedback controller and sound absorbing
material are bonded. To test the NR performance of hybrid
panels, an acoustic tunnel was designed. Under the plane wave
assumption, the available frequency limit of the facility was
found to be 800 Hz. When the active control of the AHSP was
turned off, a remarkable NR in the mid frequency region was
observed except for the first resonance frequency. By enabling
the active control of the AHSP, NRs of 8 and 13 dB are achieved
at the first and second resonance frequencies, respectively. The
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Figure 11. Active control of AHDP (92 Hz): (a) sound pressure,
(b) sensor signal and (c) actuator input signal.

AHDP was made by adding another plate, apart from the hybrid
single panel. This panel was found to be effective in the mid
frequency region.

Instead of using the active control system, passive shunt
damping is used for the NR at low frequencies. This is
called a passive-hybrid panel. The use of piezoelectric
passive shunt damping is an alternative for noise control at
lower resonance modes since it can give selective damping at
resonance frequencies with a simple shunt circuit. When the
PHSP was tested, a remarkable NR of 5 dB at the resonance
frequency was observed in addition to the 8 dB reduction
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Figure 12. Transmitted sound pressure level of PHSP.

obtained from passive sound absorbing material in the mid
frequency region. The passive hybrid panel approach has
potential for NR at broadband frequencies.
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