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Abstract: This paper investigates the feasibility to use an electrodynamic
loudspeaker to determine viscoelastic properties of sound-absorbing materi-
als in the audible frequency range. The loudspeaker compresses the porous
sample in a cavity, and a measurement of its electrical impedance allows one
to determine the mechanical impedance of the sample: no additional sensors
are required. Viscoelastic properties of the material are then estimated by
inverting a 1D Biot model. The method is applied to two sound-absorbing
materials (glass wool and polymer foam). Results are in good agreement with
the classical compression quasistatic method.
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1. Introduction

Characterization of sound-absorbing materials, like mineral wool or polymer foam, in the con-
text of building or transport applications, requires the determination of viscoelastic properties
of the skeleton.1 Classical methods to measure viscoelastic properties of porous materials can
be sorted in two groups: the quasistatic methods neglect the inertial effects of the frame and give
relevant information in the low-frequency range before the first resonance of the system2,3 (usu-
ally for f�100 Hz); the dynamic methods are based on the vibration of a porous sample,4 or of
a structure which includes a porous layer,5 and give information at the resonance frequencies of
the structure. More recently, methods based on the propagation on surface waves at the free
surface of a porous layer have been investigated.6,7 These methods require the use of an actuator,
usually a shaker, and specific sensors: accelerometer, force sensor, or laser vibrometer [Fig.
1(a)].

This paper investigates an alternative method of the classical compression quasistatic
setup to measure the viscoelastic properties of porous material. The method is based on the use
of an electrodynamic loudspeaker as actuator and sensor.8 Since no specific sensors are re-
quired, the experimental setup is simplified. Moreover, designed to radiate in the audible fre-
quency range, a loudspeaker has the ability to excite the porous sample in the relevant fre-
quency range for noise control applications. The proposed method is described in Fig. 1(b): the
porous sample is set in a cavity and compressed by an electrodynamic loudspeaker. Measure-
ment of the electrical impedance of the loudspeaker allows one to determine the mechanical
impedance of the sample by inverting an electroacoustic model. The viscoelastic properties of
the porous frame are then estimated using the classical Biot model.9,10.

The first part of the paper presents the experimental setup. The principle of measure-
ment and the poroelastic model used for the determination of the viscoelastic properties are
then described. Results for two porous materials are finally compared with the classical com-
pression quasistatic method of Fig. 1(a).

2. Measurement setup

The experimental setup to validate the proposed electrodynamic technique is presented in Fig.

1(b). A loudspeaker of 71 mm diameter is mounted between two cavities and applies static and
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dynamic strains to a porous sample set in the top cavity. The sample diameter is smaller than the
one of the cavity to avoid any lateral strain. The depth of the cavity can be adjusted to the size of
the porous sample to impose a static compression (see Table 2). The cavity is used to simplify
the inversion procedure and to limit the effect of air pumping.3

A circular aluminum plate of 1 mm thickness is bonded on the loudspeaker cone to
ensure a planar and unidirectional compression of the porous sample. The association of the
plate and the cone is called the diaphragm. It has its first resonance frequency around 2 kHz and
is considered to behave as a rigid body far below this frequency.

Measurement of the electrical impedance is performed with a precision magnetic ana-
lyzer (Wayne Kerr PMA 3260A) using a sine step signal from 25 to 200 Hz.

3. Principal of measurement

3.1 Determination of the sample mechanical impedance

The equivalent electroacoustic circuit given by Thiele and Small11 is used to model the loud-
speaker. This low-frequency model is valid below the first structure resonance frequency of the
loudspeaker diaphragm. Figure 2 is the analogous circuit for the setup of Fig. 1(b), with U the
output voltage of the source, re the dc resistance of the voice coil, Le the inductance of the voice
coil, rf a shunting parallel resistance which accounts for eddy current loss in the pole piece, B
the magnetic flux density in the air gap, l the length of the voice coil in the magnetic field, Rms
the mechanical resistance of the driver suspension losses, Mms the mass of the diaphragm in-
cluding voice coil, Cms the compliance of the loudspeaker suspensions, Z2a the mechanical
impedance of the bottom air cavity, Z1a the mechanical impedance of the top air cavity sur-
rounding the porous sample, and Z1p the mechanical impedance of the porous sample.

Mechanical impedance is defined by the ratio of the force F applied to the diaphragm
on its velocity v. In the considered frequency range, the two air cavities can be considered as
simple compliances and the corresponding mechanical impedances are given by

Z1a =
S�2

j��V1a/�0c2�
, Z2a =

S2

j��V2a/�0c2�
, �1�

where j is the square root of −1,� the circular frequency of the excitation, �0 the air density and
c the velocity of sound in air, V1a and V2a the volume of air in the top and bottom cavity respec-
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Fig. 1. Measurement setup: �a� classical compression quasistatic method; �b� new method using an electrodynamic
loudspeaker.
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Fig. 2. Electrical equivalent circuit of the measurement setup.
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tively, S the equivalent surface area of the diaphragm in contact with the bottom cavity, and S�
the equivalent surface area of the upper face of the diaphragm in contact with the air layer in the
top cavity.

The electrical impedance of the circuit (Fig. 2) is written

Zvc =
U

i
= Ze +

�Bl�2

Zm + �Z1p + Z1a + Z2a�
�2�

with

Ze = re +
j�Lerf

j�Le + rf
�3�

and

Zm = Rms + j�Mms +
1

j�Cms
. �4�

Hence, the mechanical impedance of the sample can be derived from the measurement
of Zvc, the properties of the loudspeaker and of the two air cavities, as

Z1p =
�Bl�2

Zvc − Ze
− �Zm + Z1a + Z2a� . �5�

3.2 Determination of the loudspeaker properties

The properties of the loudspeaker are determined from the measurement of the electrical im-
pedance without porous sample in the top cavity. In that case, the equivalent electrical circuit
model gives

Zvc = Ze +
�Bl�2

Zm + �Z1a + Z2a�
, �6�

with Z1a=S2�0c2 / j�V1a and V1a the volume of the top cavity. The model is fitted on the mea-
surement using a nonlinear least-squares method to get re, Le, rf, Bl, Rms, Cms, and Mms.

3.3 Calculation of the material viscoelastic properties

The viscoelastic properties of the porous frame are estimated from the impedance Z1p by the
inverse method using the Biot model. In the considered model, the material is isotropic and the
displacements of the frame and air are one-dimensional along the sample thickness [x direction
in Fig. 1(b)]. The porous material is considered as infinite in the lateral directions and the effects
of the boundary conditions are neglected. This assumption is valid for porous materials such as
glass wool with a Poisson’s ratio equal to 0, but it can induce an evaluation discrepancy for foam
materials which can bulge sideways when compressed between two rigid plates.12

The mechanical impedance can be derived analytically from the calculation of the total
stress ��xx

t � applied by the porous sample to the vibrating diaphragm,

Z1p
th ��� =

F

v
=

Sp��xx
t

j�uw
, �7�

with Sp the surface area of the porous sample in contact with the vibrating diaphragm �Sp=S
−S�� and uw the amplitude of the displacement imposed by the diaphragm. According to Biot
theory,9,10 two compressional waves propagate in a porous media having a one-dimensional
behavior. These waves are characterized by a complex wave number �i �i=1,2� and a displace-
ment ratio µi. The total stress exerted by the sample to the diaphragm is thus the sum of the stress

exerted by the fluid and solid phases characterized by these two waves as
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�xx
t = �xx

s + �xx
f

= ��P̃ + Q̃� + µ1�R̃ + Q̃���1 cos��1d�D1 + ��P̃ + Q̃� + µ2�R̃ + Q̃���2 cos��2d�D2. �8�

In these equations, d is the sample thickness, P̃ and R̃ are the bulk modulus of the solid and fluid

phases, respectively, and Q̃ quantifies the potential coupling between the two phases. The ex-
pression for these two last coefficients can be found in Ref. 10. Note that viscoelastic properties

of the frame, Young’s modulus E, and loss factor �, are present in the expression of P̃,

P̃ =
E�1 + j���1 − ��
�1 + ���1 − 2��

+
Q̃2

R̃
. �9�

D1 and D2 are the amplitude coefficients of the two compressional waves and can be determined
from the boundary conditions applied to the sample. Here, the displacement is zero at x=0 and
is equal to the one of the diaphragm at x=−d, which gives

D1 =
uw�µ2 − 1�

sin��1d��µ1 − µ2�
, D2 =

uw�1 − µ1�
sin��2d��µ1 − µ2�

. �10�

4. Results

The properties of the loudspeaker determined from the measurement of the electrical imped-
ance when the top cavity is empty [see Eq. (6)] are given in Table 1. Note that the inductance Le
decreases and the shunt resistance rf increases with frequency because of the eddy currents
flowing in the iron pole structure.13 These properties have thus been determined according to
the frequency and only the values at 100 Hz are given in Table 1.

Measurements of the electrical impedance Zvc are then carried out with a light glass
wool and a stiff polymer foam placed in the top cavity. The properties of the materials given in
Table 2 have been measured in our laboratory.

The mechanical impedance determined from Eq. (5) and the simulations derived from
Eq. (7) are shown in Fig. 3. The Young’s moduli used in the model have been measured at 5 Hz
using the compression quasistatic method2 (see the measurements Fig. 4). Note that theYoung’s

Table 1. Properties of the loudspeaker.

Mms

�g�
Cms

��m N−1�
Rms

�N s m−1�
Bl

�N A−1�
re

�	�
Le at 100 Hz

��H�
rf at 100 Hz

�	�

9.37 484 1.05 4.93 12.03 878 2.93

Table 2. Properties of materials A and B.

Porous Glass wool A Foam B

Nominal thickness: d �mm� 63 40.7
Static compression rate �%� 37 0.95
Sample diameter �mm� 57 44.5
Airflow resistivity: � �kN s /m4� 105 3.3
Porosity: 
 0.95 0.98
Tortuosity: �� 1 1.03
Viscous length: 
 ��m� 35.1 78.8
Thermal length 
� ��m� 105.3 236.4
Frame density: �1 �kg /m3� 17 29
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moduli are considered constant in the model, which explains the discrepancy of �Z1p� at low
frequencies �f�140 Hz� in the case of the foam B: the difference increases with frequency
because theYoung modulus increases.2 Above 140 Hz, measurements of the mechanical imped-
ance Z1p are not valid because of several well-known drawbacks of the loudspeaker which are
not taken into account in the model:13 the stiffness of the viscoelastic suspension is nonlinear,
the effect of which is paramount at the resonance frequency of the loudspeaker (around
160 Hz), the inductance of the voice coil Le is nonconstant, and eddy currents are present in the
iron-pole structure, the effects of which are predominant especially at high frequencies.

Viscoelastic properties according to frequency are finally determined by fitting the
poroelastic model on the measurements. Figure 4 gives the Young’s modulus and the loss factor
evaluated with the classical compression quasistatic method of Fig. 1(a) and the proposed elec-
trodynamic method for the two materials. Results determined with the electrodynamic tech-
nique are given in the linear frequency range of the loudspeaker, i.e., below 130 Hz. Good
agreements are found in the evaluation of the Young’s modulus: the one of the foam is around
400 kPa and increases with frequency; in the case of the glass wool, it is evaluated around
2.5 kPa and is barely constant. The loss factor of the foam is also given around 0.17 by the two
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foam �circle�: �black� classical compression quasistatic method; �white� electrodynamic method.
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methods. However, the one given by the electrodynamic method is underestimated at low fre-
quencies. The loss factor of the glass wool estimated by the two methods does not seem
realistic:3 the quasistatic method overestimates the value because of the lateral airflow, and the
electrodynamic method is greatly disturbed by the electrical drawbacks of the loudspeaker,
which are not accounted for in the loudspeaker modeling.

5. Conclusion

The feasibility to measure the viscoelastic properties of sound-absorbing materials using an
electrodynamic loudspeaker has been demonstrated. The mechanical impedance of the porous
sample is determined from the measurement of the electrical impedance of the loudspeaker by
inverting an electroacoustic model: no additional sensors are required. Viscoelastic properties
of the material are then estimated by inverting a 1D Biot model. The method has been applied
using a traditional loudspeaker for frequencies below the mass-spring resonance of the system
�f�130 Hz�. Results obtained with this method are validated by comparison to the classical
compression quasistatic method. The accuracy on the loss factor and the high-frequency limit
could be extended with a loudspeaker free of major nonlinearities.
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