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ABSTRACT

The measurement of surface impedance and the absorp-
tion/transmission characteristics is well-established for
acoustic materials that can be considered locally reac-
tive: Impedance tube-based and in-situ measurement tech-
niques are codified in multiple ISO standards, e.g. ISO
354 and ISO 10534. However, as lateral wave propa-
gation in the material under test becomes significant, lo-
cally reactive assumptions fail and the standardized mea-
surement methods become infeasible. The present contri-
bution discusses the measurement of non-locally (or ex-
tended) reactive surfaces by estimating its distributed sur-
face impedance function and the consequent numerical
prediction of the reflected sound field in a simple planar
geometry. The model is validated via the measurement of
a resonant panel absorber. Finally, the extension of the
absorption coefficient for non-locally reactive surfaces is
discussed.

Keywords: non-locally reacting, absorption measure-
ment, admittance measurement.

1. INTRODUCTION

The measurement of complex surface impedances and
random/oblique incident absorption coefficients of acous-
tic absorber materials is of great interest in the field of
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room acoustic design. Reverberation chamber based ab-
sorption measurement allows the estimation of the sta-
tistical random incident absorption of samples of over
10−12m2 area, as given in ISO 354:2003 [1]. Impedance-
tube and in-situ (e.g. two microphone free field mea-
surement) measurements yield the specific impedance at
a certain position on the absorber surface, from which
normal incidence absorption coefficients can be calculated
according to ISO 10534-2:1998 [2].

However, all the standardized impedance measure-
ment approaches assume that the acoustical behaviour of
the sample under investigation is perfectly determined by
the specific impedance at the given measurement position.
This approach, which completely ignores wave propaga-
tion in the absorber material or on the absorber surface, is
termed as the locally reacting surface assumption. Cer-
tain acoustic materials, e.g. a single layer of porous ab-
sorber in certain installation circumstances can indeed be
feasibly modelled as a locally reacting surface as long as
the material sample is large enough to support the neglec-
tion of diffractional waves from the edges. In order to
ensure this, traditional standard impedance measurement
techniques require material samples with an area of over
1 m2.

Locally reacting assumptions fail when lateral wave
propagation is significant in the test material often result-
ing in absorption coefficients above unity [3, 4]. These
type of materials are usually referred to as non-locally or
extended reacting surfaces [5]. An important example of
these are plate absorbers of relatively small dimensions
exhibiting strong modal behaviour on the top-plate. In
these cases the pressure and the velocity at a given posi-
tion are heavily influenced by the plate motion at adjacent
surface positions. In order to take the coupling between
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Figure 1. Geometry for scattering from an elastic
plate.

the neighbouring points on the surface into consideration,
multiple measurement positions are required and mutual
impedances have to be estimated.

The present contribution discusses an impedance
measurement method for extended reacting surfaces of
small dimensions through the example of a plate res-
onator. The approach relies on the estimation of self-
and mutual admittance over the absorber surface by means
of direct mechanical admittance measurement via impact
testing. The acoustic behaviour of the absorber can be
predicted from the estimated admittance function for an
arbitrary incident wave field, impinging on the surface of
the panel. Finally, the numerical evaluation of the acous-
tic field on the top-plate allows the estimation of the sound
absorption coefficient.

2. METHOD

2.1 Physical model for scattering from extended
reactive surfaces

Assume a finite, planar extended reactive (e.g., elastic)
surface, baffled into an infinite rigid plane at z = 0. The
geometry under discussion is depicted in Fig. 1 with an
exemplary rectangular plate. Points over the elastic plate
are denoted by Ω, while positions on the rigid baffle are
denoted by Ω̃.

The plane is loaded by the infinite half-space consist-
ing of fluid of density ρ0 in which the speed of sound is
denoted by c. The planar surface is exposed to an arbi-
trary steady-state incident wave field Pin(x, ω), propagat-
ing towards the elastic plate and oscillating at an angular
frequency ω. As the incident wave is scattered from the
surface, three main components can be identified in the
resulting total pressure field:

• The incident field Pin(x, ω)

• A part of the incident field that is reflected directly
from the plate surface, denoted by Prefl(x, ω); and

• The pressure field on the plate surface that acts as a
force distribution on the plate, generating the har-
monic vibration of the surface due to its elastic-
ity. This vibration re-radiates a sound wave into
the positive half space, denoted by Prerad(x, ω).

Thus, the total pressure field can be written as

Ptot(x, ω) = Pin(x, ω) + Prefl(x, ω) + Prerad(x, ω)︸ ︷︷ ︸
Pscat(x,ω)

.

(1)
The total scattered field (denoted by Pscat(x, ω)) is, there-
fore, composed of the directly reflected and re-radiated
field. We aim at evaluating the total field in (1) given that
the equation of motion of the plate is known. For the sake
of brevity we omit noting the dependence on angular fre-
quency.

The boundary conditions can be formulated in the
present geometry as follows:

• On the infinite rigid baffle the total velocity is zero.
Written in terms of the pressure gradient this yields

∂

∂z
Pin(x) = − ∂

∂z
Pscat(x) (2)

Pin(x) = Pscat(x), x ∈ Ω̃ (3)

• On the elastic surface it is assumed that the transfer
admittance is defined between each point, reading
as

Y (x,x0) =
A(x)

P (x0)
, (4)

where A(x) is the normal acceleration of the sur-
face at the receiver position x, and P (x0) is a
point-like excitation pressure at the source position
x0. Considering a continuous pressure distribution
along the elastic surface, the corresponding accel-
eration is obtained as

A(x) =

∫
Ω

Y (x,x0)P (x0) dx0. (5)

In the present geometry the scattered field can be written
in terms of a Rayleigh integral over the infinite plane z =
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0 [6, 7], resulting in the expression for the total field at an
arbitrary receiver position x = [x, y, z ≥ 0]T

Ptot(x) = Pin(x)− 2

∫
Ω∪Ω̃

∂

∂z
Pscat(x0)G(x,x0)dx0,

(6)
with the shortened notation ∂

∂zPscat(x0) =
∂
∂zPscat(x)

∣∣
x=x0

. Here G denotes the 3D Green’s
function

G(x,x0) =
1

4π

e−jωc |x−x0|

|x− x0|
(7)

describing the field of a point source located at x0, mea-
sured at x.

Expressing Pscat(x0) as Ptot(x0) − Pin(x0) and re-
alizing that the integral containing ∂

∂zPin describes the re-
flected field from an ideal rigid infinite plane (denoted as
P rigid
refl (x)) yields

Ptot(x) = Pin(x) + P rigid
refl (x)−

− 2

∫
Ω

∂

∂z
Ptot(x0)G(x,x0)dx0 (8)

1 . Here, it was utilized that ∂
∂zPtot(x0) vanishes over

x0 ∈ Ω̃. The integral explicitly contains the three compo-
nents present in the total pressure field, as discussed pre-
viously.

Finally, expressing the pressure gradient in the air by
the Euler’s relation ∂

∂zP (x) = −ρ0A(x), and coupling
the radiation problem with the surface by the boundary
condition (5) leads to

Ptot(x) = Pin(x) + P rigid
refl (x)+

+2ρ0

∫
Ω

(∫
Ω

Y (x0,x1)Ptot(x1) dx1

)
G(x,x0)dx0,

(9)

describing the total field implicitly, at an arbitrary receiver
position x above the horizontal plane.

Restricting the receiver position to the elastic surface
the above expression simplifies to

Ptot(x) = 2Pin(x)+

+2ρ0

∫
Ω

(∫
Ω

Y (x0,x1)Ptot(x1) dx1

)
G(x,x0)dx0,

(10)

with x = [x, y, 0]T.

1 Note that term Pin(x) + P rigid
refl (x) is usually referred to as

the blocked pressure in the related literature [7, 8]

2.2 Numerical solution of the integral formula

In order to solve (10) numerically the surface of the elastic
plate is discretised with the centres of the elements given
by xi, and with the area of the i-th element given by dΩi.
It is assumed that the pressure and acceleration functions
are constant over each surface element, with their com-
plex amplitudes given by vectors p = Pi = P (xi) and
a = Ai = A(xi). Their interconnection is given by the
admittance matrix

Y = Yij =
Ai

Pj
. (11)

By introducing the Green’s matrix

Gs = Gs
ij =

∫
dΩi

G(xj ,x0)dx0, xj = [x, y, z = 0]T

(12)
the continuous formulation (10) can be written in discrete
form, with matrix-vector notation as

ptot = 2pin + 2ρ0G
sYptot. (13)

The system of equations can be solved for the total field
on the surface of the plate by evaluating

ptot = 2 (I− 2ρ0G
sY)

−1
pin. (14)

Furthermore, the corresponding normal velocity distribu-
tion over the absorber surface is obtained from the surface
pressure as

vtot =
1

jω
Yptot. (15)

As a summary, it was demonstrated that the pla-
nar elastic scattering problem can be solved numerically
uniquely once the admittance function/matrix is defined
over the elastic surface.

3. MEASUREMENT OF THE ADMITTANCE
MATRIX

The previous section discussed a general numerical
method for calculating the sound field on a planar elas-
tic surface when exposed to an arbitrary incident sound
field, requiring merely the admittance matrix of the sur-
face. The present section presents a novel impact testing
based measurement method for estimating the admittance
matrix in case of a plate absorber. The approach is vali-
dated by comparing the predicted sound field with actual
microphone measurements.
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(a)

(b)

Figure 2. Plate absorber under investigation (a) and
the result of TMM modeling (b).

3.1 The plate absorber under investigation

The custom built plate absorber under test is shown in
Fig. 2 (a). The resonator’s horizontal dimensions are
Lx = 88 cm, Ly = 62 cm, meaning the total area of
Ω = 0.55 m2, hence, the test object is relatively small in
the aspect of absorption measurement. The construction
consists of three layers:

• A composite (3-layered) plywood panel with the
thickness of tm = 3.5 mm, serving as the mass
of the resonator structure. In accordance with the
manufacturer’s data sheet the mass of the plate is
approximately ms = 2.7 kg/m2.

• An air gap of da = 4 cm, together with the air fill-
ing the porous absorber layer serving as the spring
for the damped mass-spring absorber structure.

• A layer of rockwool dp = 5 cm thick, attached
to the back of the structure 2 , ensuring the energy
dissipation in the resonator.

2 In the aspect of absorption efficiency the optimal choice for
the position of the porous layer would be in the proximity of the
plate. The present structure is non-optimal for the sake of simple
construction.

Figure 3. Velocity response along the plate surface

The backing and the framing of the structure is made out
of plywood with the thickness of 1.2 cm. Overall, the sim-
ple mass-spring system based absorber was constructed to
exhibit a maximal absorption at around [9]

f0 =
c

2π

√
ρ0

ms(dp + da)
=

60√
ms(dp + da)

≈ 121 Hz.

(16)
As a more precise a-priori prediction for its absorption
characteristics, the layered structure was modeled with the
1-dimensional transfer matrix method (TMM) [8]. The
flow resistivity of the porous absorbing layer was assumed
to be σs = 45000 rayl/m. The result of the prediction is
depicted in Fig. 2 (b) in case of assuming a layered struc-
ture of infinite dimensions, and by taking the finite size
into account by using a simple radiation efficiency-based
correction term [8].

3.2 Impact testing of plate absorber

Section 2 highlighted that once the admittance function is
known over the surface of the plate absorber, its acoustic
behaviour can be numerically modelled when the layered
structure is exposed to an arbitrary incident field. The ad-
mittance matrix was estimated indirectly from the results
of mechanical impact testing of the resonator surface, by
measuring acceleration response for an impulse like force
excitation in a full grid measurement.

The measurement was carried out on a rectangular
mesh by discretising the resonator surface to 7× 5 points.
The impact testing was performed by exciting the plate at
each grid position with a PCB 086C03 impact hammer,
capturing the force acting on the hammer as the excitation
signal.The measured response was the normal accelera-
tion of the grid points, measured simultaneously with five
nearly identical PCB 353B13 accelerometers. The goal of
the measurement was to capture the acceleration response
at each receiver position ai in case of an impulse force
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[1, 2] f = 47.2 Hz [2, 1] f = 55.4 Hz

[1, 1] f = 67.3 Hz [2, 2] f = 81.1 Hz

[1, 3] f = 98.8 Hz [2, 3] f = 115.7 Hz

Figure 4. Mode shapes measured on the top-plate
with increasing modal frequencies.

excitation at each source position fj . The entries of the
resulting acceleration matrix were obtained as the ratio of
the measured acceleration and the hammer force spectra

A = Aij =
ai
fj

. (17)

The number of measurements (requiring (7 × 5)2 =
1225 individual impact tests) was significantly reduced by
the application of multiple accelerometers simultaneously,
exploiting the reciprocity principle and assuming a sym-
metric plate behaviour.

The result of the measurement is depicted in Fig. 3,
illustrated in terms of the plate velocity. The figure re-
flects that the structure under test is dominated by modal
behaviour, hence the panel is strongly non-locally react-
ing.

Therefore, the measurement results were also sub-
jected to experimental modal analysis in order to get an in-
sight into the physical behaviour of the layered structure.
The first six identified modes of the plate are illustrated in
Fig. 4 with increasing modal frequencies. All the modes
are approximately the free vibrations of the simply sup-
ported thin elastic plate, however, the order of the modes
is heavily influenced by the plate’s material properties and
the structure of the absorber:

• For the following discussion the mode shapes are
differentiated based on the number of positive and

negative partitions along the surface: Modes hav-
ing the same number of positive and negative cells
are termed as even modes in the following, while
modes with different number of positive and nega-
tive cells are referred to as odd modes (referring to
the parity of the product of the modal coordinates).
In case of even modes the pressure fluctuation is
equalized locally behind the plate, and the acoustic
short-circuit behaves as a concentrated mass con-
nected to the back of the plate. On the other hand,
in case of odd modes the air inside the enclosure
has to be compressed by the plate, therefore, the
cavity acts as an additional stiffness to the plate.
As a result, the natural frequency of even modes
slightly decreases compared to the in-vacou modes
of the plate, while the frequency of odd modes (e.g.
(1,1)) significantly increases.

• Furthermore, the ortotrophy of the plate leads to in-
terchanged horizontal and vertical modal frequen-
cies.

3.3 Calculation of the admittance matrix

So far the acceleration matrix was measured via impact
testing, defining the acceleration at each surface receiver
position due to a point-like force excitation at each source
position. In order to arrive at the required admittance ma-
trix the corresponding pressure field at the source position
has to be evaluated for each acceleration measurement.

Written in terms of continuous velocity and pressure
distribution over the absorber surface the problem can be
formulated as follows: assume that the surface of the ab-
sorber is excited by a point-like force excitation at x0. The
resulting pressure field on the surface can be divided into
two main components:

• The point like pressure term being proportional to
the external force excitation, described by δ(x −
x0)/dΩ(x0), where dΩ(x0) is the area of the sur-
face element.

• A re-radiated pressure distribution generated by the
vibrating plate.

By describing the re-radiated pressure in terms of a
Rayleigh integral the total pressure can be written on the
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loudspeaker

mic
absorber under test

Figure 5. Measurement setup for validating the ana-
lytical and numerical results.

surface (by also applying the Euler equation) as

P (x,x0) =
δ(x− x0)

dΩ(x0)
−2

∫
Ω

∂

∂z
P (x,x0)G(x,x0)dx0 =

=
δ(x− x0)

dΩ(x0)
+ 2ρ0

∫
Ω

A(x,x0)G(x,x0)dx0 (18)

with x and x0 denoting the receiver and source positions,
respectively.

The acceleration of the surface can be expressed from
(5) by using the admittance function as

A(x,x0) =

(∫
Ω

δ(x1 − x0)

dΩ(x0)
+

2ρ0

∫
Ω

A(x1,x0)G(x,x0)dx0

)
Y (x,x1)dx. (19)

Again, the equation can be written in discrete form as

A = Y (S+ 2ρ0G
sA) , (20)

with S = diag
(

1
dΩi

)
and the admittance matrix is given

by
Y = A (S+ 2ρ0G

sA)
−1

. (21)

Since A directly coincides with the acceleration matrix
measured via impact testing, the admittance matrix can
be expressed numerically. Once the admittance matrix is
known, the total pressure on the surface can be calculated
by evaluating (14) for an arbitrary incident pressure field.

3.4 Validation of the measurement method

In order to validate the results of the previous sections the
estimated sound field above the plate absorber was com-
pared with direct microphone measurements. The mea-
surement setup is illustrated in Fig. 5.

Figure 6. Pressure field at the geometrical centre of
the elastic plate. Dashed vertical lines denote the es-
timated modal frequencies.

The measurement was carried out in a semi-anechoic
chamber with the plate absorber positioned on the reflec-
tive floor, in order to imitate baffling in an infinite rigid
plane. The incident field was generated by a loudspeaker
mounted on the top of the chamber 2 meters above the
centre of the absorber. The total field was measured at the
centre of the plate with a TMS 130P10 condenser micro-
phone. To eliminate the effect of the loudspeaker response
and undesired reflections the measurement was repeated
without the absorber, with the result used as a correction
reference spectrum.

The result of the measurement was compared with the
estimated total field by evaluating (14) with the incident
field assumed to be a vertical plane wave. The admittance
matrix was calculated from the result of impact testing by
(21), while the Green’s matrix (12) was evaluated by using
the NiHu MATLAB boundary element toolbox [10].

The result of comparison is depicted in Fig. 6, con-
firming the validity of the presented model. The figure
suggests that the result of the numerical model coincides
well with the microphone measurements in the frequency
range of investigation, where the measurement geome-
try approximates fairly the baffled model. At frequencies
higher than the depicted part of the spectrum significant
discrepancies are present.

The qualitative investigation of Fig. 6 reveals that be-
low the frequency range of the plate’s modal behaviour
the incident field is scattered rigidly from the surface (i.e.
Ptot = 2). In the range of modal behaviour mode shapes
with nodal lines at the centre of the plate do not contribute
significantly to the total pressure field, while other modes
have severe effect on the resulting sound pressure. This re-
sult already shows that the locally reactive model, and the
corresponding measurement procedures can not be used
in the present geometry.
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4. CALCULATION OF ABSORPTION
CHARACTERISTICS

(a)

(b)

Figure 7. Estimated normal and statistical absorp-
tion coefficients from absorbed power estimation (a)
and by using Thomasson’s size correction with as-
suming locally reactive plate surface (b). Faded lines
denote the individual directional absorption charac-
teristics for different incdient angles.

Finally, the measurement based numerical model was
used to estimate the absorption characteristics of the panel
absorber.

The incident field was a plane wave arriving to the
top plate at an elevation angle of θ and azimuth angle of
ϕ, described by

Pin(x) = e−jk(cosϕ sin θx+sinϕ sin θy). (22)

As a straightforward estimation, the directional ab-
sorption coefficient of the sample can be defined as

α(θ, ϕ) =
Πabs(θ, ϕ)

Πin(θ)
= Z0

Re
(∫

Ω
Ptot(x)V

∗
tot(x) dx

)
cos θLxLy

,

(23)
with Πabs and Πin being the absorbed and incident power,
Lx and Ly being the dimensions of the plate and Z0 = ρcc
being the specific impedance of air (see eq. (12.30) in

[8]). The diffuse field absorption coefficient of the plate
absorber is calculated as

αdiff =

∫ 2π

0

∫ π/2

0
Πabs(θ, ϕ) sin θdθ dϕ∫ 2π

0

∫ π/2

0
Πin(θ) sin θdθ dϕ

. (24)

by averaging the absorbed and incident power over the
possible incident directions.

The total pressure and total velocity over the surface
were calculated numerically from (14) and (15) using the
measured admittance matrix.

The diffuse and directional absorption coefficients are
depicted in Fig. 7 (a), highlighting the absorption for a
normal incident plane wave. The results suggest that in-
stead of the intended plate-air (mass-spring) interaction
the modal behaviour of the plate dominates the absorp-
tion characteristics of the entire layered structure: Even
modes, for which the air cavity behind the plate act as
an acoustic short-circuit re-radiate positive power into the
half space, resulting in negative absorption coefficient. On
the other hand, for odd modes the compressed air behind
the plate can enter the porous absorber, therefore, the lay-
ered structure acts as a highly absorptive spring-mass sys-
tem, leading to absorption coefficients above unity. This
phenomena is even enhanced for lateral incident waves,
with the incident pressure wave generating large plate vi-
brations at low incident intensities.

It is important to note that the apparent unphysical ab-
sorption factor exceeding unity reflects that on the plate’s
modal frequencies the absorber ‘draws in‘ energy from
surrounding regions due to a process of diffraction, there-
fore, the actual absorption area highly exceeds the plate’s
physical dimensions [11].

Finally the proposed extened reactive model was
compared with a simplified approach introduced by
Thomasson [3]. The model under discussion assumes a
homogeneous, locally reactive impedance over the surface
of the absorber given by ZA, but includes size effects, by
evaluating (23) analytically. The resulting directional ab-
sorption coefficient is given by

α(θ, ϕ) =
1

cos θ

4ReZA

|ZA + ZR|2
, (25)

where ZR is the normalized radiation impedance of the
surface, calculated numerically as proposed in Appendix
12.A in [8]. In the present case the locally reacting
impedance was calculated as

ZA =
1

Z0

∫
Ω
Ptotal(x)dx∫

Ω
Vtotal(x)dx

. (26)
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The resulting absorption characteristics are depicted in
Fig. 7 (b). It is highlighted that the finite-sized locally re-
active approach gives a limited approximation of the phys-
ical model proposed in the present paper.

Fig. 7 (b) also depicts the traditional absorption coef-
ficient denoted by α∞. In this limiting case the absorber
surface assumed to be infinite with homogeneous surface
impedance of ZA, and with the radiation impedance be-
ing ZR = 1/ cos θ. With these assumptions the classic
absorption formula is recovered

α∞(θ) =
4ReZA cos θ

|ZA cos θ + 1|2
. (27)

The surface impedance was obtained using (26). Fig. 7 (b)
suggests that this locally reactive approximation – with no
size-effect correction – gives only a qualitatively accept-
able approximation for the physical based model while be-
ing maximized to unity. However, this formulation may
be useful for describing the absorption of an infinite ab-
sorbing surface, on which the rectangular plate resonator
is repeating periodically. This aspect is the subject of fur-
ther investigation.

5. CONCLUSION

The present paper discussed a mechanical admittance-
based measurement and modeling method allowing the
coupling of vibrating planar surfaces into acoustical scat-
tering simulations. The proposed approach was discussed
in the context of predicting the sound absorbing proper-
ties of a small scale plate resonator exposed to incident
plane waves, being a prominent example of a non-locally
reacting surface.

The method relies on impact testing the resonator sur-
face, resulting in high signal-to-noise ratio acceleration
measurements. From the result of impact testing the sur-
face’s acoustic admittance function can be estimated by
the numerical compensation of the re-radiated pressure
field. Once the surface admittance is known the vibrat-
ing surface was coupled to numerical scattering simula-
tions, allowing the estimation of the sound field properties
over the absorber surface. These results may be used for
predicting the sound absorption coefficient of the resonant
absorber for an arbitrary incident pressure field. The va-
lidity of the presented formulations was verified by com-
paring numerical results with direct microphone measure-
ments. Finally, the investigation of the currently measured
plate absorber revealed that due to the small size of the

absorber, instead of the intended characteristics, the ab-
sorption properties of the resonator are dominated by the
modal behaviour of the top-plate.
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