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Abstract

For an accurate prediction of the low and medium frequency surface vibration
and sound radiation behaviour of porous layered systems, there is a need to
improve the means of estimating their elastic and acoustic properties. The un-
derlying reasons for this are many and of varying origin, one prominent being
a poor knowledge of the geometric anisotropy of the cell microstructure in the
manufactured porous materials. Another one being, the characteristic feature
of such materials i.e. that their density, elasticity and dissipative properties are
highly dependent upon the manufacturing process techniques and settings used.
In the case of free form moulding, the geometry of the cells and the dimensions
of the struts are influenced by the rise and injection flow directions and also by
the effect of gravity, elongating the cells. In addition the influence of the bound-
aries of the mould also introduces variations in the properties of the foam block
produced. Despite these complications, the need to predict and, in the end, opti-
mise the acoustic performance of these materials, either as isolated components
or as part of a multi-layer arrangement, is growing. It is driven by the increasing
demands for an acoustic performance in balance with the costs, a focus which
serves to increase the need for modelling their behaviour in general and the above
mentioned, inherent, anisotropy in particular. The current work is focussing on
the experimental part of the characterisation of the material properties which
is needed in order to correctly represent the anisotropy in numerical simulation
models. A hybrid approach based on a combination of experimental deformation
and strain field mapping, and physically based porous material acoustic Finite
Element (FE) simulation modelling, is under development which ultimately will
provide the anisotropic elastic coefficients and acoustic properties of the porous
layered system. The first step, involving new testing methods, is discussed here
and demonstrated for a soft foam. In addition investigations using laser vibrom-
eters combined with finite element modelling of the Panphonics G1 multi-layered
panel elements are also discussed. Variations in the mounting conditions, includ-
ing globally acting restraints, are evaluated through dynamic measurements and
acoustic interaction with the surrounding acoustic field. Results from investiga-
tions into different changes of the panel design parameters in order to improve
the effectiveness in the low frequency range are presented.
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1 Introduction

Porous layered systems are commonly introduced as lightweight, means to, in a
wide sense, control noise and vibration in many applications. The inherent design
parameters available for these materials, i.e. the micro-structural dimensions to-
gether with the chosen polymer constituents, open up an interesting potential in
terms of application tailored bulk properties, such as elastic, acoustic and dissipa-
tive mechanisms. In manufactured porous layered systems, e.g. of the type found
in acoustic trim components for automotive or aerospace applications there exists
an inherent geometric anisotropy in the layered systems cell microstructure driven
by the production process. In the case of free form moulding, the geometry of the
cells and the dimensions of the struts are influenced by the rise and injection flow
directions and also by the effect of gravity, elongating the cells. In addition, the
influence of the boundaries of the mould, also introduce variations in the proper-
ties of the foam block produced. The bulk properties, i.e. density, elastic moduli
and damping moduli of the porous layered system, can then be considered to be
highly dependent upon, and in principle controlled by, the chosen manufacturing
process techniques, together with the polymer chemical formulations. For an ac-
curate prediction of the low and medium frequency surface vibration and sound
radiation behaviour of porous layered system, improved means of estimating the
elastic and acoustic characterisation of porous layered system are necessary. The
underlying reasons for this need are many and of varying origin, one prominent
being a poor knowledge of the geometric anisotropy of the cell microstructure
in the manufactured porous materials. Despite these complications, the need to
predict and, in the end, optimise the acoustic performance of these materials,
either as isolated components or as part of a multi-layer arrangement, is growing.
One driving force behind this trend is the increasing pressure to balance acoustic
performance against the cost of these materials in the product development cy-
cle, a fact which serves to strengthen the need for modelling in general and the
inherent anisotropy in particular.

The current work is divided in two parts, one focussing on the experimental part
of the characterisation of the material properties which is needed in order to
correctly represent the anisotropy in numerical simulation models and one inves-
tigating the dynamic and acoustic behaviour of flat panel speakers. The com-
mon denominators are the advanced measurement methodology developed and
used, together with closely related simulations. For the foam characterisation
the overall objective is to establish a hybrid approach based on a combination of
experimental deformation and strain field mapping, and physically based porous
material acoustic Finite Element (FE) simulation modelling. Ultimately such a
method will provide the anisotropic elastic coefficients and acoustic properties
of the porous layered system. The first step involving new testing methods is
discussed here.
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In particular a new measurement methodology for porous material characteri-
zation is here demonstrated for foams. For the flat panel speakers, here repre-
sented by the Panphonics G1 elements, the overall objective is to characterise
and identify the main parameters controlling the acoustic performance in dif-
ferent frequency ranges. Laser vibrometer measurements combined with finite
element modelling of these multi-layered panel elements are used to study varia-
tions in the mounting conditions, including globally acting restraints. The focus
is put on the dynamics of the panels and the interaction with the surrounding
acoustic field. Results from such combined investigations into different changes
of the panel design parameters in order to improve the effectiveness in the low
frequency range are presented.
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2 Flat panel loudspeaker

Panphonics has developed a patented, novel panel speaker technology. The pan-
els, which are built as multi-layer components are thin and flat (shown in fig 1)
and produce in their basic form a highly directive sound. They are considered
as efficient in the middle and high frequency range, but their effectiveness is re-
duced in the low frequency range. Flat panel loudspeakers have a large potential
as acoustic sources in a variety of engineering applications: Active noise control
in vehicles or buildings, Hi-Fi quality elements in home audio systems, informa-
tion sources in museum or shops. These panels have a flat frequency response (±
3dB) from about 300Hz to above 20kHz and upwards, but their effectiveness is
reduced in the low frequency range [1].

Figure 1: The Panphonics G1-panel.

The work in this part of the thesis has been conducted as part of a collaborative
research effort involving Panphonics, VTT, Budapest University of Technology
and Economy and KTH. The objective is to have a better understanding of the
dynamics of the Panphonics G1-panel and its interaction with the surrounding
acoustic field, and to investigate into different changes of the panel design pa-
rameters in order to improve the effectiveness in the low frequency range.

The work, which is discussed in Paper A, has been focussed on LDV (Laser
Doppler Vibrometers) measurements (pictured in fig 2) in laboratory installa-
tions of varying complexity, requiring carefully designed test arrangements to
ensure a high quality of the experimentally recorded data, and on finite element
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Figure 2: Dual laser measurement setup.

modelling using spectral FE including implementation of proper material models
and meshing tools to handle the different scales of the problem. The laser vibrom-
eter measurements combined with finite element modelling have been performed
for different configurations of the Panphonics G1 panel elements. Variations in
the mounting conditions, including globally acting restraints, have been studied
(see fig 3).
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Figure 3: Radiation efficiency of the Panphonics G1 panel element against fre-
quency [Hz] depending on mounting condition.
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3 Anisotropy in porous cellular materials

The optimal structural design of porous layered system materials is one of the
central issues in materials science, since the shape and the topology of the mi-
crostructure have a significant impact on the macroscopic properties such as the
mechanical and thermal behaviour. The engineering design of new materials is
determined by the optimization of specific, applications oriented performance as-
pects. The performance measure can be chosen according to the mode of loading
(tension, bending, twisting), with respect to thermal properties (expansion versus
normalized strength, thermal shock resistance), or by taking into account criteria
dictated by technological constraints (minimum weight, vibration damping), or
economical considerations (cost of production). All these performance measures
largely depend on the shape both in the microscopic and macroscopic aspect
and on the material properties such as modulus, strength, toughness, and ther-
mal conductivity, diffusivity, and expansion. These macroscopic, properties are
most of the time considered to be isotropic, and are not given (or even known)
by manufacturers in terms of the material coordinates. Simple measurements
show, however, that a large scale variation may be found depending on the ori-
entation on the material. In this thesis an open cell melamine foam has been
studied. Melamine is a lightweight, high temperature resistant, open cell foam
manufactured from melamine resin. It combines good thermal properties with
efficient sound absorption capabilities to create a fibre free product which can be
applied in situations which may prohibit the use of urethane foams or fibreglass
insulations.

The approach taken in the present work, i.e. identifying the elastic moduli and
using these as a basis for the viscoelastic moduli, has been followed in previous
efforts initially for fibrous materials (see e.g. Rice & Göransson [2]), and later for
foams (see e.g. Göransson & Lemarinier [3]). It is based on the scheme shown in
fig 4.

 

Static Dynamic 

Elastic & Viscoelastic 
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FEM vs 
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Figure 4: Combined experimental and numerical approach.
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Three main steps are required to reach a validated material model:

• Characterisation: Static experiments as well as finite element models of the
test set-ups are used to determine the elastic and the bulk flow properties of
the anisotropic material. Dynamic experiments are carried out to provide
a set of data for estimation of viscoelastic properties (in vacuo moduli).

• Material modelling: A constitutive, frequency dependent model of the
anisotropic material (in vacuo) is estimated. It is based on the determined
static elastic moduli and includes the elastic and viscoelastic responses of
the material.

• Validation: The material model is used in finite element simulations of vary-
ing complexity. The full elasto-acoustic material model is validated against
experimental data recorded in vacuo and under atmospheric pressure.

In the work by Göransson & Lemarinier [3], which aimed at characterisation
of an open-cell polyurethane foam, indications of non-isotropic, potentially non-
uniform elastic properties were reported, The authors concluded that no uni-
form isotropic material model could be matched to satisfactorily agree with the
observed vibration behaviour, which was influenced by non-symmetric mate-
rial properties. A heuristic model assuming a spatial variation of the other-
wise isotropic elastic moduli gave some qualitative insight but the need for an
anisotropic elasticity model, also identified by Melon & al [4], was clearly es-
tablished. In previous work on anisotropic mechanical characterisation of foams
Melon et al, [4], assumed that the mounting of the cubic foam sample tested was
aligned with the rise direction. They found that the tested foams were reason-
ably well described by a transversely isotropic model, in particular in terms of
the Young’s moduli. However, the estimation of the shear moduli was reported
to be less accurate. The current work aims at taking a step further towards a
precise and reliable material model of foams used in noise and vibration treat-
ments. It is the first in a sequence, and is focussed on the upper left box of fig 4.
Experimental data have been recorded for:

• the elastic moduli measured and estimated from deformation under static
compression using CCD cameras and photogrammetry [5, 6], and for

• the static flow resistivity, measurements have been conducted in The Mar-
cus Wallenberg Laboratory for Sound and Vibration Research (MWL) in
the three body coordinate directions.
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As an example of the latter measurements, it was found differences of a factor
1.5 in the estimation of the flow resistivity depending on the orientation of the
sample (see table 1).

Body coordinate Air flow resistivity (Kilorayl/m)
X1 7.9
X2 7.8
X3 12

Table 1: Air flow resistivity estimation.

The body coordinate axis system is shown in fig 5.

 

X1 

X2 

X3 

Figure 5: Melamine cube and body coordinate system.

For the elastic moduli, special care has to be exercised in order to manage the
stress relaxation of the foam under a constant strain. A first study was performed
using the setup shown in fig 6.
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Figure 6: Experimental setup for static modulus determination.
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It was found that the recorded force was highly time dependent due to the ma-
terial relaxation. The pressure (force applied per unit area) is described as a
function of time in fig 7. The static moduli were then estimated through a

0.7

0.75

0.8

0.85

0.9

0.95

1

time 
no

rm
al

iz
ed

 P
re

ss
ur

e 

Figure 7: Normalized recorded pressure over time.

fractional Maxwell model [7], in which the stress appears as a non-integer order
derivative of the strain. Two non-integer values were used, one for short time
that is close to zero (behaviour close to the ideal elastic solid), and one longer
(plastic-like) as shown in fig 8
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Figure 8: Fractional Maxwell model interpolation.

The microstructure of the Melamine foam that was studied in the measurements
is exemplified in fig 9.

Figure 9: Microscopic photography of melamine foam with possible principle cells
orientation.
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These first results clearly indicated that the samples tested were anisotropic,
although exhibiting almost equal moduli in two different directions ((±15% dif-
ference). This proximity suggests that for some properly chosen material system
orientation, a transversally isotropic material model might be found. Further-
more, the variation in the estimated moduli for the X3 direction between different
samples (about 5 different samples have been tested) was within ±10% as shown
in table 2.

Body coordinate Elastic moduli estimation (N/m2)
X1 2e5
X2 3e5
X3 1.7e5

Table 2: Elastic moduli estimation.

The complete, anisotropic elasticity matrix requires 21 independent constants to
be identified in order to fully characterise the material, see e.g. [8]. However
in the present work, the use of a model with a higher degree of material prop-
erty symmetry, i.e. transversely orthotropic requires then only 9 independent
constants. Furthermore it is assumed that the material principal axis are not
aligned with the sample geometric, body coordinate system, e.g. for a cubic sam-
ple the geometric system would be aligned with its sides, requiring an additional
set of 3 angles of rotation to get the material system.

To estimate these 9 +3 unknown parameters, a combined experimental deforma-
tion and strain field mapping and a Finite Element (FE) model of the set-up has
been used. In this thesis, the experimental part is discussed. In paper B a new
measurement methodology for 3D deformation mapping at the surface of elastic
materials under static loading using image correlation photogrammetry system
is described. An example from one test performed is shown in fig 10.
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Figure 10: Typical measured deformation on the surface of the sample in per-
centage of the deformation applied on the upper plate along ↓. The measured
displacements are measured along →(a), ↓(b) and �(c).
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4 Future Work

In the next step of this work, the dynamic and frequency dependent properties
for anisotropic porous layered system will be extracted through a combination of
experimental and numerical tools. Through an inverse method, essentially based
on a finite element model of the tested setup and a parameter estimation proce-
dure, all moduli together with a proper set of rotation angles will be identified in
a least square sense in order to have a full acoustic, static, elastic and viscoelastic
model for anisotropic porous layered system. Using these parameters, the vis-
coelastic model for the foam will be estimated combining static parameters and
recorded, in vacuo, dynamic deformation data, as well as a detailed description
of the setup used to obtain the parameters estimation.
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Abstract

Special investigations using laser vibrometers have been performed for differ-
ent configurations of the Panphonics G1 panel elements, a multi-layer flat panel
speaker with a pre-charged elastic polymer film sandwiched between two open cell
foam layers. The focus has been on dynamic behaviour and interaction with the
acoustic field. Variations in the mounting conditions, including globally acting
restraints, have been studied. The vibration patterns have been simultaneously
recorded for both the panel and the film and in a dedicated test set up also the ra-
diation efficiency have been studied. The results indicate that the low frequency
sound radiation efficiency of the G1-panel is very much related to the balance be-
tween local, i.e. the film, and global panel motion as well as the phase difference
between the film and the panel. The best low frequency radiation performance is
observed when the global panel motion is moderately restrained through a sparse,
parallel rib system and the panel otherwise being free to move between the ribs.
Preliminary results based on FEM simulations, obtained from elsewhere, tend to
confirm the trends observed in the measurements.
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1 Introduction

PANPHONICS Ltd, founded 1997 by Kari Kirjavainen, has developed and paten-
ted a novel panel speaker technology. The panels are thin, flat and very light as
there are no metal structures or magnets. The sound field produced by the pan-
els is even and the frequency response is relatively flat with low distortion. The
panels produce in their basic form an evenly propagating sound front and thus
the speakers are directive. Some of the most significant advantages of these audio
panels are, apart from being highly directive, that they provide a non-magnetic
environment, high sound quality, low mechanical vibrations as well as low phys-
ical volume of the speaker. Flat panel loudspeakers have a large potential as
acoustic sources in a variety of engineering applications. Used as active noise
control in vehicles or buildings, as Hi-Fi quality elements in home audio systems
or as PA-systems, these panels are efficient in the middle and high frequency
ranges. They exhibit a flat frequency response (± 3dB) from about 300Hz to
above 20kHz and upwards [1], but have a less useful performance in the low fre-
quency range. This latter aspect has been the objective of the present study,
with the goal to have a better understanding of the internal mechanisms of the
panel in order to allow for an improved low frequency performance. The work
presented here, conducted as part of a collaborative research effort involving Pan-
phonics, VTT, Budapest University of Technology and Economy and KTH, has
been focussed on achieving a better understanding of the dynamics of the Pan-
phonics G1-panel and its interaction with the surrounding acoustic field, and to
investigate the different potential changes of the panel design parameters leading
to improved low frequency performance. The joint work has been focussed on
combined LDV (Laser Doppler Vibrometers) measurements in laboratory instal-
lations of varying complexity, requiring carefully designed test arrangements to
ensure a high quality of the experimentally recorded data, and on finite element
modelling using spectral FE including implementation of proper material models
and meshing tools to handle the different scales of the problem. The discussion
presented here is focussed on the measurement aspects and the results from the
tests performed.
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2 Description of the Panphonics G1 loudspeaker

element

The Panphonics G1 audio element is a flat, square loudspeaker 600mm *600mm
*5mm consisting of two protective and resistive porous panels forming the main
structure of the element (shown in grey in fig 1),

Y

X

Figure 1: The Panphonics G1 audio element structure.

together with a continuous, thin plastic electro-mechanical film sandwiched be-
tween the porous panels. At the interface between the two porous panels, there
are 18mm *550mm cavities with the cross-section shown in fig 2. The studied
panel is composed of 24 strips (shown in white in figure 1). Within each strip,

z

X

160 µm
1.9 mm

Stator material Foil

Cell cavity

Figure 2: Schema of a Cavity.

the film can vibrate relative to the porous panel and in principle also to the
neighbouring strips. Along the edges of the strips the film is attached to the
porous panels. The stators must be both electrically conductive and acoustically
transparent in order to operate. They are fixed to the porous panels at both
sides of the film, and the acoustic transparency is provided by means of holes
or slots, in order for air to pass through. The degree of perforation is a balance
between air resistance and evenness of the electrostatic field. The charged film is
forced by an alternating electric field created by the stator layers, thus inducing
vibration of the film in each of the strips. Force is applied to the film as a high
varying voltage fed to the stators by a special designed power amplifier.
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3 Panel preparation, installation and measure-

ment procedure

3.1 Preparation of the panels

In order to facilitate measurements of the motion of the film itself, prepared
panels with small holes (big enough to allow the laser beam to pass through)
have been manufactured by Panphonics. Theses holes have been drilled on one
side through the stator and the protective panel as shown in fig 3. Note that the
dimensions of the different layers are not to scale.

Stator (+/-)  

Foam  

Film 
Stator (+/-)  

Foam  
 
Stator (-/+)  

Figure 3: Prepared panels with measurement holes.

The panel element was divided in 5 different measurement zones, containing 9
or 12 holes, in the patterns shown in fig 4. In total 57 different measurement
points were drilled (see in fig 4). The main purpose of these perforations was to
provide access to the vibrations of the film for the laser beam while the overall
performance of the loudspeaker was assumed to be unaffected.

Figure 4: Measurement zones on the panel.

The main idea behind the pattern was to collect data for the film motion inside
a strip, across and along a diagonal, and for adjacent strips. This was achieved
through a distribution with three holes on a strip width as shown in fig 5 & 6.
These 3 holes, although giving a reasonably good indication of the lower order
film displacement variation over the strip, are obviously a compromise between
the width of the strips and the diameter of the laser beam.
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Figure 5: Distribution of the measurement points on a strip.

Figure 6: Distribution of the three measurement points on a strip.

3.2 Loudspeaker element fixation during measurements

The loudspeaker element was measured in various mounting arrangements each
with a specific purpose in view of the characterisation of the dynamic behaviour
under operating conditions. The main question that was addressed through these
measurements was, whether the global element motion, induced by the reaction
forces arising at each strip edge, was constructive or destructive in terms of the
radiated sound power. Initially tests were made with the loudspeaker elements
hanging freely suspended in springs. Although posing severe difficulties in terms
of rigid body motion, this set up was used to map the relative displacements be-
tween the porous panels and the film itself. To control the rigid body motion the
element was mounted in a box, with an absorbing layer placed on a rigid backing,
provided by Panphonics. However, in this set up, it was difficult to measure the
relative motion of the film. A way to handle this problem, essentially based on
constraining the global panel motion, was suggested by VTT. In this modified
configuration, tests have been made with and without extra stiffening elements
in the form of additional honeycomb inserts, with the purpose to study the in-
fluence of the motion of the porous panel surfaces. Finally measurements were
also conducted using the Panphonics box mounted in a transmission suite, where
tests have been made for varying degrees of restraints applied to the element sur-
face (with and without honeycomb facing as described above, with and without
stiffening ribs), varying attachment conditions between the loudspeaker and an
absorbing layer inside the box (with and without gluing one side of the porous
panel to an absorbing surface at the bottom of the box).
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4 Experimental procedure and results

4.1 Measurement equipment used

Due to the low weight of the panel and the need to measure the vibrations of the
film in operating conditions, it was decided to use Laser Doppler Vibrometers,
here LDVs from Polytec (OFV-303) and Ometron (VS100). These two non-
contact sensors were then combined in different ways in order to study the panel
element in some more detail.

4.2 First measurement

The initial tests were intended to give a quick estimate of the motion of the film in
operating conditions, through measurements on the film and on the porous layer
cover (covered with a small piece of reflecting tape) with the panel hanging, tied to
the four corners through soft springs. The objective was to get an understanding
of the general behaviour of the film itself. Unfortunately these result where
not consistent as the global movement of the panel was found to dominate over
the movement of the film making the measurement results hard to interpret.
It was obvious that an additional restraint had to be introduced, restraining or
compensating for the global movement of the panel. Due to the working principle
of the Panphonics flat panel speaker, it was not possible to mount the panel
in such a way that the global motion could be prevented without negatively
influencing the sound radiation: A distance of around 2 to 4cm to any hard
surface is needed for the panel to operate efficiently. These considerations led to
the development of a dual laser measurement technique as discussed in the next
section

4.3 Dual laser measurement

Figure 7: Dual laser setup.



4.3 Dual laser measurement 6

In an attempt to eliminate the contribution from the global motion of the panel,
it was decided to simultaneously measure the global and the local (film) motion at
the ”same” point using two different lasers, one on each side of the panel. In this
way the film velocity was measured on one side of the panel and the porous layer
velocity on the other side. In order to get the movement of the film compared to
the movement of the porous layer, the signal recorded for the global panel was
subtracted from the signal recorded for the film. The result was then interpreted
as the movement of the film itself, i.e. relative to the global movement of the
panel.

vfilm=v1-v2

Foam 

Stator (+/-)
Film
Stator (-/+) 

v1

v2

Figure 8: Schema of the dual laser setup.

This step resulted in a drastic improvement of the quality in the measurement
results. The resulting data gave a good appreciation of the film movement with
a reasonable accuracy (the subtraction of the two signals is prone to errors due
to cancellation effects) and were now able to represent the global movement
of the film. As an example, it was observed at frequency of 307Hz, that the
displacement field within a single strip is rather complex, as shown in fig 9.
Similar deformations were observed for several different strips, leading to the
conclusion that the behaviour is recurring and not isolated, thus the structure
itself were found to be highly repeatable.

The working hypothesis drawn from these results was that the global vibration of
the panel interacts with the film (see fig 9), causing a modulation which appears
as an unsymmetric deformation on the local level. Depending on the phase, this
would then negatively influence the amount of propagated energy. If the sound
would only be originating from the movement of the film itself, then the power
radiated should be at its maximum if all the points of the membrane (within one
strip and for all strips as a whole) move in phase. However, the global motion
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Figure 9: Relative membrane velocity behaviour at 307Hz a) measured b) illus-
tration of the measurement points.

contributes to the radiation, but on a different scale (a form of a bias, see fig 10),
the main question asked here, is whether it is a positive or negative contribution.

Origin Panel

Figure 10: Possible rigid motion of the panel.

For the free panel, the global motion will be driven by the reaction forces along
the edges of the film strips, which are driven by the electric field created by the
stators, see fig 2. It appears as if these reaction forces are working in the opposite
direction to the forcing of the film itself, which then would explain the observed
global deformation behaviour. Thus, based on these preliminary results, it was
decided that the next step was to find a way to investigate the influence of and to
eventually also prevent the deformation of the panel without affecting the panel’s
ability to emit sound.
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4.4 Honey comb measurement

On a suggestion from Esa Nousiainen (VTT), it was decided to prevent the
global deformation of the panel by clamping it between two layers of honeycomb
material. The honeycomb would then help to stiffen the panel, while still allowing
for enough air space around the panel in order for the sound to propagate freely.
In addition, the panel was clamped in a rigid, wooden frame, which was part of
the box, provided by Panphonics and mentioned earlier. In this configuration
laser measurements were performed through the holes of the honeycomb. (see fig
11).

Figure 11: Honey comb measurement setup.

The global deformation of the panel should then be reduced to a minimum, at
least in the region where the honeycomb is applied, and the effect on the film
should be minimal.

- Laser
Honeycomb

Panel

Honeycomb

Mineral wool

Figure 12: Schema of the honey comb measurement setup.

Furthermore, a layer of thick mineral wood was placed on one side to avoid re-
flections and negative effects of the backing that potentially would limit the film
displacement. The overall setup was then placed on the floor, as described in
fig 12, and measurements were carried out. The measured displacements with
honeycomb clamping are compared to the free displacements for the same driving
frequency in fig 13. As expected, for this configuration, the film in the restrained
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panel shows almost symmetrical deformation behaviour, thus confirming the hy-
pothesis formulated above. Furthermore, if the destructive interaction between
local and global behaviour was the main reason for the low frequency degrada-
tion, the displacement fields resulting for the constrained case, should then result
in an improved efficiency of the panel and the sound radiated.

−1

−0.5

0

0.5

1

Clamped honeycomb
Free in Panphonic box

Figure 13: Comparison of the membrane movement behaviour.

To verify this, the following steps towards understanding the influence on the
radiation efficiency and its potential improvements due to additional restraints
on the panel, were taken.

4.5 Sound pressure level measurement

Free

Honeycomb

Figure 14: Baffled element with and without the rigidifying honeycomb layer. (to
the right the full panel, to the left detail).

For this part of the investigation the G1 panel element was mounted in the box
previously described, but the degree of restraints applied were varied. The panel
was mounted into the wall between the reverberant and the anechoic chambers at
MWL and was baffled so that only 3 strips were able to vibrate, see fig 14. This
restricted area was decided to limit the exposed, and hence also treated, surface
of the panel in order to ensure well defined and repeatable mounting conditions.
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In this first test, where the radiating surface was facing the anechoic chamber,
two configurations were tested. In the first one the panel was able to vibrate
freely; in the second one the surface was covered with a stiffening honeycomb
layer to prevent the deformation of the surface of the panel.

The sound pressure level was measured in different locations of the anechoic room
(due to the high directivity of the audio element) in third octave bands from 100
to 2500Hz. Comparing the free to the restrained, it was found that, fig 15, the
sound pressure was higher using the honeycomb support up to 630Hz, above
630 the results were comparable (± 2dB). Thus, that the global deformation of
the panel has a negative influence on the sound radiation seems to be a valid
conclusion.
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Figure 15: Average mean sound power radiated from free panel surface versus
frequency with and without the rigidifying honeycomb layer.

The differences observed in these first results are believed to be conservative;
in reality the relative performance improvement should be even better. Due to
the fact that only three strips, of a reduced length, were able to vibrate, the
panel was already more rigid than for normal utilisation because it was clamped
in the baffle. Greater differences can be expected if the possibility to apply a
restraint all over the panel by a really rigid honeycomb layer. However, finding a
honeycomb that is rigid enough in this free mounting is difficult and furthermore
hard to attach in a well defined way. Thus, to explore the issue of the radiation
efficiency further, it was decided to keep the panel in the current configuration
for the next steps.
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4.6 Radiation efficiency measurement.

Figure 16: Radiation efficiency measurement setup.

The setup pictured in fig 16 was designed as follows. The panel was baffled into
the wall of a reverberant room. A rotating microphone was averaging the sound
power, and a laser vibrometer was measuring and averaging the displacement of
the film in 38 of the measuring points. These points were distributed randomly
in the middle and on the side of strips. Different configurations illustrated in fig
17 have been tried and compared. First the panel was vibrating in a free position
mounted in the wall with only the exterior frame of the Panphonics box (a),
mounted with some rigid support(b) and finally with all the supports(c). For this

0

Figure 17: Schema of mounting configuration a) b) and c).

part of the investigation, a series of increasingly stiffening restraint configurations
were applied. In addition to the rib stiffening frames, for these tests also the back
side of the panel were restrained in some of the tests. The overall arrangement
is illustrated in fig 17. The following arrangements were tried:

(a) without other restraints than provided by the exterior frame of the
Panphonics box

(b) restrained in the middle

(c) with all the supports.
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The results shown in fig 18 indicate a degradation of the radiation efficiency in
the low frequency range, especially for the free placement of the panel (case a).
As a general observation, the best result is given by the most restrained of these
three cases. These results confirm the hypothesis that the global deformation of
the panel is not a positive contribution to the radiation efficiency, especially in
the low frequency range and has to be avoided or modified in order to increase
the low frequency power output.
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Clamped

Figure 18: Panel radiation efficiency versus frequency for the free and clamped
configuration.

4.7 Glued panel measurement.

To get an indication of the limit towards the other extreme, i.e. how much
constraints should be applied, it was decided to minimise the global movement
of the panel by gluing one side of the panel to the absorbent layer at the bottom
of the box. The panel was first carefully prepared by covering the strip areas
with protective tape and a thin layer of glue was applied in between (see fig 19).
The tape was then removed and the panel was glued on hard mineral wool (the
absorbent). This new package was then clamped into the Panphonics box and
once again baffled into the wall of the reverberant room. The test results were
unfortunately not conclusive.
The effects of gluing the panel turn out to be negative for the restrained panel.
The reasons for this are many; it might be due to the preparation of the panel,
the contact between the panel and the mineral wool might not have been optimal,
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Figure 19: Preparation of the panel.

and the glue can have gone into the material by capillarity and changed the flow
resistivity of the porous foam or stator, hardened the panel or even come in
contact with the film. To determine or exclude any or all of these would require
the panel to be destroyed. The test results are shown in fig 20
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Figure 20: Panel radiation efficiency versus frequency for the glued and clamped
configuration.
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5 Numerical studies

5.1 Comparison with an ideal radiator
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Figure 21: Radiation efficiency versus frequency in Hz for an ideal radiator and
the Panphonics G1 panel.

In order to assess the radiation performance of the panel, calculations have been
performed to estimate the radiation efficiency of an ideal radiator. Such a radiator
can be defined as an infinitely stiff baffled piston that vibrates with constant
amplitude (here the maximum amplitude of the membrane in the Panphonics G1
panel) at each frequency. The results for this ideal perfomer are shown together
with the G1 panel results in configuration c) (all the support) in fig 21. The
difference in dB between the two curves in fig 21 is presented in fig 22. Modern
physics does not allow the Panphonics G1 panel to radiate more than an infinitely
stiff, baffled, piston. Thus, even with an ideal design of the panel element, a
maximum gain of a few decibels (probably less than 5dB) can be expected in
the low frequency range by stiffening the panel. This has as a consequence that
the augmentation of the radiation efficiency of the panel is restricted, and a
significant raise of the sound radiation would involve an augmentation of the
membrane displacement range or a tuned displacement/resonance of the whole
panel vibrating in phase with the membrane in the low frequency as pictured in
fig 23. However, as it has been discussed above, this then requires a re-design
to avoid the current negative interaction. One such alternative could be to tune
the distance between the rib stiffeners discussed above, in such a way that the
reactions are carried by the ribs instead of the present situation. The frequency
band width of such a solution would of course be an important aspect to consider.
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Figure 22: Gain for the radiation efficiency in dB versus frequency in Hz for an
ideal radiator compared to the Panphonics G1 panel.

Figure 23: Hypothetical, tuned displacement of the panel in phase with the
membrane in the low frequency.

5.2 Qualitative comparison with FEM

Figure 24: Global deformation of the panel (image courtesy of Krisztián Gulyás).

FEM computations have been performed by Krisztián Gulyás from the Bu-
dapest University of Technology, Hungary (BUTE). These results are preliminary,
Krisztián Gulyás is at present working on a more detailed model of the panel.
However, the first results which are by kind agreement from Krisztián Gulyás
showed a satisfactory agreement with the experimental result. The global panel
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deformation due to the membrane excitation, predicted by the FEM simulation,
confirms the hypothesis about the bending behaviour of the panel. Fig 24 shows
the predicted deformation of the panel at about 100Hz.

The FEM calculations also reveal that the points where the film is assumed to
be fixed (i.e. between two strips for example) are in reality moving due to the
global panel motion. This movement is clearly influencing the displacement of
the membrane, see fig 25.

(a)

(b)

Figure 25: Simulated, unwanted displacement at the boundary of a cell. a) FEM
calculation (image courtesy of Krisztián Gulyás) b) supposed behaviour.

It is obvious that the resulting deformation not only may modify the membrane
tension and thus also have a direct influence on the oscillation mechanism. It
will also possibly lead to an out of phase motion of the film and the panel, which
may negatively influence the sound radiation as shown in fig 26.

Membrane Panel

++ +++ +

+
+

+ +

Figure 26: Sound radiation induced by the deformation of the panel.

All in all these observations, experimental and numerical, serves to strengthen
the formulated hypothesis towards the final conclusion. In order to enhance low
frequency performance, the local and global vibration fields have to be in phase
for the panel to work more efficiently.
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6 Future work

A set up where the all panel is covered with highly rigid honeycomb should be
designed to prevent the whole panel from global deformation. Alternatively a
rigid thin support between the strips would stiffen the panel without negatively
influencing the sound radiation. Additional work along these directions, together
with further modelling work involving advanced FEM models should lead to the
understanding required to design a new panel with an improved efficiency in the
low frequency range.
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