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Summary
The reduction of the sound emission of technical structures can be realized in a most efficient way by
influencing the structure-born sound transmission systematically. This can be passively achieved by
using damping layers or ribbings. In order to make these measures as effective as possible, knowledge
of the distribution and flow of structure-borne sound energy within a structural component is of
great importance. With the help of the parameter structure-borne sound intensity, structure-borne
sound energy flows can be quantified and visualized from excitation to sound emission. This paper
examines and compares different methods for the numerical and experimental determination of the
structure-borne sound intensity. The main focus is on the processing of measurement data acquired by
a 3D laser scanning vibrometer and compared with the finite element model based on experimental
data (model updating). Different methods for the calculation of structure-borne sound intensity with
the help of measured surface velocities or optical strain measurements are shown. The influences
of method-specific approaches, such as the use of filters in spatial and wave number domain, are
evaluated and discussed. The methods are compared using the example of a simple structure which
is a freely suspended thin plate, excited by an electrodynamic shaker. After the description and
discussion of the individual approaches and the first results obtained, a qualitative and quantitative
comparison of the numerical and experimental structure-borne sound intensity for different deflection
shapes is made.

PACS no. 43.40.+s, 43.50.+y

1. Introduction

The optimization of the acoustical behavior of techni-
cal structures is a major stage within the development
process of new products. For example, the sound emis-
sion of a structure can be influenced by changing the
location or signal shape of the excitation forces as
well as by modifying the radiation behavior. Another
important possibility to change acoustical properties is
the optimization of the transfer path from the source of
structure-borne sound to the receiver, for example the
human ear or a coupling point to another component.

In most cases, the acoustical optimization of a struc-
ture plays a minor role in comparison to durability and
functionality during the product development process.
Therefore, only little scope within small constrains
is left for constructive changes in terms to improve
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the acoustic properties. All these optimization steps
have in common that the technical structure needs
to be analyzed under an acoustical point of view. For
this purpose, experimental or numerical respectively
analytical investigations are utilized to identify the
optimal structural modifications. The evaluation of
the structure-borne energy flow in a component repre-
sents one possibility to analyze the acoustical behavior
and the corresponding structure-borne sound transfer
characteristics.
Within the present paper, the calculation of the

structure-borne sound intensity (SI) of a thin plate is
presented where the SI characterizes the time-averaged
energy flow density in a mechanical structure. Basis
of calculation are experimental data obtained by 3D
laser scanning vibrometer (LSV) measurements.
After a short introduction to the structure-borne

intensity, the experimental setup including test rig and
measuring object are described. The main part of this
paper consists of the simulation- and measurement-
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based investigation of the SI of a thin plate. Finally,
the results are analyzed and discussed further.

2. Structure-borne Wave Intensity

2.1. Basic Equations

The basis of the SI as a method to describe the acousti-
cal transfer behavior of mechanical structures has been
introduced by Noiseux [1], Pavić [2] and Verheij [3].
These early works focused on the measurement of the
SI in thin plates, beams and tubes using acceleration
sensors. Later, with further developments in the field
of finite element method (FEM), it became possible
to simulate the SI [4].
Within the following descriptions, underlined sym-

bols depict complex quantities, bold symbols represent
tensors and symbols in italic fonts characterize scalar
values. The determination of the complex SI I is based
on the dynamic stress tensor

σ =

σxx τxy τxz
τyx σyy τyz
τzx τzy σzz

 (1)

and the complex velocity vector

v =

vxvy
vz

 (2)

where I is defined by the scalar product of stress tensor
and velocity vector (cf. [4])

I = −σ · v . (3)

The structure-borne intensity represents a vector field,
which assigns the magnitude and direction of the en-
ergy flow to a position within the structure. With
reference to [3], the kth element of the real (active)
part of the SI Ia,k(ω) can be calculated by

Ia,k(ω) = −
1

2
· Re {σkl(ω) · v∗l (ω)} (4)

in case of sinusoidal excitation. In equation 4, Ia,k
represents the kth component of the SI, σkl is the klth
component of the dynamic stress tensor and vl is the
lth component of the velocity vector and summation
is implied by repeating indices.
In the rest of the paper, the imaginary (reactive)

part of the SI

Ir,k(ω) = −
1

2
· Im {σkl(ω) · v∗l (ω)} (5)

is neglected.
For better physical understanding of an intensity

field, its divergence can be analyzed. The divergence

characterizes sources and sinks of an intensity respec-
tively vector field. In the case of the SI, the divergence
of Ia is defined as

div Ia = ∇ · Ia =
∂Ia,x
∂x

+
∂Ia,y
∂y

+
∂Ia,z
∂z

. (6)

The divergence of the SI represents a scalar field. Equa-
tion 6 contains the summation of the spatial deriva-
tions of the SI’s components. In terms of an idealized
two-dimensional thin plate (vector field in (x, y)-plane),
the third summation term of equation 6 (∂Iaz/∂z) can
be neglected.

As mentioned above, the divergence of the SI can be
used to evaluate sources and sinks of energy flows. The
following list represents the results of the divergence
and their meaning:

• div Ia = 0 characterizes a vector field without
sources and sinks.

• div Ia > 0 characterizes locations of sources.
• div Ia < 0 characterizes locations of sinks.

The focus of the current investigations is the geomet-
rical localization of sources and sinks using the SI.

2.2. Optical Measurement

The objective of the present work is to analyze the SI
which is experimentally obtained based on the results
of a 3D LSV measurement. The LSV enables a non-
contact acquisition of surface velocities of a structure
in combination with a high density of measurement
points which can not be reached by acceleration sen-
sors. In addition, the dynamical behavior of the test
structure is not influenced by the sensor’s mass. How-
ever, the calculation of the structure-borne intensity
according to equation 3 requires not only measured
surface velocities but also the dynamic stresses in the
structure. Therefore, the surface displacements are
evaluated from the measured velocities. In terms of a
sinusoidal velocity, the dynamic displacement can be
obtained by

u =
1

jω
· v . (7)

Further information for the determination of strain
components from laser vibrometer measurements can
be found in [5] and [6].
Based on the generalized Hooke’s law for isotropic

materials (cf. [7]), the obtained strains can be calcu-
lated by

εxx
εyy
εzz
γyz
γzx
γxy

 = A


σxx
σyy
σzz
τyz
τzx
τxy

 , ε = Aσ (8)
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where

A =
1

E


1 −ν −ν 0 0 0
−ν 1 −ν 0 0 0
−ν −ν 1 0 0 0
0 0 0 ã 0 0
0 0 0 0 ã 0
0 0 0 0 0 ã

 (9)

and

ã = 2 (1 + ν) . (10)

The conversion of equation 8 leads to the corresponding
stresses

σ = A−1 ε (11)

which are used for the calculation of the structure-
borne intensity. The missing elements of the stress
tensor (equation 1) are substituted due to the symme-
try conditions

τxy = τyx, τyz = τzy and τxz = τzx . (12)

The stress tensor σ (equation 11) and the measured
surface velocities v enable the calculation of the SI
according to equation 4.

3. Experimental Setup

The investigated test object is a steel plate with a
width of 500mm, a height of 470mm and a thickness
of 3mm. The corresponding test setup is shown in
Figure 1. The plate is mounted with two springs to

mounting

plate

scan point

shaker

force transducer

stinger

scanning heads

Figure 1. Test setup for experimental data acquisi-
tion.

ensure a free-free boundary condition (at frequencies
f > 5Hz). The excitation of the test structure is real-
ized by an electrodynamic shaker (Brüel & Kjær, Mini-
shaker type 4810) which is connected to a force trans-
ducer (Brüel & Kjær, type 8203) using a metal stinger
(diameter dS = 0.7mm, length lS ≈ 5mm). The

stinger is used to minimize the induction of transver-
sal forces into the structure. The connection between
force transducer and structure is created by a two
component adhesive (type X60).

Due to the required high spatial resolution of the SI
and the measurement of dynamic stresses and veloci-
ties, a 3D LSV (Polytec GmbH, type PSV-400-3D) is
used for the measurement.

4. Numerical Analysis

A numerical simulation of the SI is performed us-
ing a FEM analysis. The model is realized in Ansys
(ANSYS, Inc., ver. R18.1) and is adapted based on
measurement results from a modal analysis (model
updating).

4.1. Model Preparation

In preparation for the numerical investigation, an ex-
perimental modal analysis (EMA) has been carried out
with impact hammer and roving acceleration method.
The objective of the EMA is to determine the modal pa-
rameters eigenfrequencies, eigenvectors and damping
ratios of the plate to minimize differences within the
comparison of measurement and simulation of the SI.
Subsequent to the EMA, a curve fitting of the obtained
frequency response functions and a model updating
is carried out to evaluate the material properties of
the plate. Based on the results of the corresponding
model updating, a Young’s Modulus E = 207GPa, a
Poisson’s Ratio ν = 0.3 and a loss factor η = 1.7 · 10−3

are used.
For both, the modal and the frequency response

analysis, convergence calculation with respect to the
model’s maximum element size are carried out. The
convergence evaluation of the numerical frequency re-
sponse analysis is based on the normal stresses σxx
and σyy, the shear stress τxy and the three spatial dis-
placements ux, uy and uz. As result of the convergence
analysis, an element size of 5mm is used.

4.2. Investigated Mode Shape

As mentioned above, the FEM software Ansys is used
for the numerical analyses within the present paper.
The mode shape (fn = 2846Hz) which is analyzed
exemplarily during the numerical and the experimental
investigations is shown in Figure 2. The presented
mode shape can be characterized by 8 node lines in x
and 6 node lines in y direction.

4.3. Numerical Analysis Results

The numerical determination of the SI is carried out us-
ing a frequency response analysis (in Ansys: harmonic
response). Therefor, the system is excited in resonance
by the force F = 0.2N at 2846Hz. The quantity of F
is obtained by pretest measurements which are shown
in greater detail in section 5.1. Within the numerical
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Figure 2. Investigated Mode Shape (fn = 2846Hz).

model, the excitation force is applied at Px = 0.1m
and Py = 0.1m. Below, the location of the applied
force is indicated by

xF =

(
Px

Py

)
. (13)

The diameter of the force input area dF = 5mm is
based on the connection of the force transducer in the
experimental setup. The results of the frequency re-
sponse analysis are processed according to equation 4
to obtain the real part of the complex structure-borne
intensity at the discrete points of the analyzed struc-
ture. The divergence of the resulting vector field is
calculated using Matlab (The MathWorks, Inc., ver.
R2014b).
Figure 3 shows the SI for the numerical frequency

response analysis. In Figure 3 the location of structure-
borne source can be identified at xF . As mentioned
in section 2.1, sinks and sources of structure-borne
energy flows can be located by the calculation of the
vector field’s divergence according to equation 6. Since
there are no sinks (e.g. absorbing elements) at the ex-
perimentally and numerically analyzed test structure,
no significant negative values of the SI’s divergence
are expected. For this reason, Figure 4 represents the
magnitude of the divergence of the numerically cal-
culated SI. The figure confirms the location of the
source of structure-borne energy flow at xF which is
indicated by the maximum value within the scalar field
(128.8Wm−3) at the given coordinates.
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Figure 3. Numerically calculated SI vector field at
2846Hz.
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Figure 4. Numerically calculated divergence of the
SI vector field at 2846Hz.

5. Experimental Analysis

5.1. Data Acquisition

The test setup has been introduced in section 3 and is
shown in Figure 1. For the acquisition of experimental
data, the software Polytec Scanning Vibrometer
(PSV, Polytec GmbH, ver. 9.2) is used.

Due to the small area, where the force is induced
into the structure, a maximum distance between the
scan points of ≈ 3.7mm is chosen. This leads to a
total number of 11 845 response nodes at the surface
of the investigated plate. In a first step, the structure’s
eigenfrequencies and mode shapes are determined ex-
perimentally using a pseudo-random excitation as well
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as less scan points according to the resulting mea-
surement time. The corresponding frequency of the
investigated mode shape (cf. Figure 2) is identified at
fe = 2809Hz. The slight difference (≈ 1.3%) between
the numerically and the experimentally determined
eigenfrequencies is in a acceptable range and can be
caused, for example, by the finite stiffness of the con-
nection of shaker and force transducer which have
not been implemented within the numerical model. In
contrast to the mentioned pretest analysis, the subse-
quent strain measurement is carried out using a sine
excitation since it provides a better signal-to-noise
ratio in comparison to other waveforms. For increas-
ing the measurement accuracy, the experiments are
performed in a semi-anechoic chamber. Here, no inci-
dent airborne sound, which then forms an additional
source in the measured SI, affects the measurement.
In addition, thermal effects are minimized due to a
constant ambient temperature.

According to the descriptions of section 2.2, the ob-
tained surface velocities are processed in a next step by
use of the Polytec Strain Processor (PSP, Poly-
tec GmbH, ver. 2.3). The PSP enables the calculation
of dynamic stresses based on velocities measured with
the LSV. Within the PSP, a spatial filter is used to
smooth the obtained vibration data. The PSP modifies
the original scan data which can be post-processed
with another program. Within the presented paper,
the post-processing is carried out using Matlab.

5.2. Experimental Analysis Results

Within this section, the results of the experimental
analysis are presented. The SI was calculated using
the experimental data and is shown in Figure 5. It
should be noted that the range of x and y coordinates
is smaller in comparison to the FEM calculation (cf.
Figure 3) since the scan points are distributed over the
plate with space to the free edges. Similar to the results
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0.4

x in m

y
in

m

Figure 5. Experimentally determined SI vector
field at 2809Hz.

of the numerical analysis, the source of structure-borne

energy flow can be seen at xF . The second area which
is located at x ≈ 0.3m and y ≈ 0.2mmay be caused by
measuring uncertainties and is not considered within
the further discussion. Figure 6 shows the divergence
of the SI’s vector field obtained by test data. In ac-

0.1 0.2 0.3 0.4

0.1

0.2

0.3

0.4

x in m

y
in

m

−15 −10 −5 0 5 10 15
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Figure 6. Experimentally determined divergence of
the SI vector field at 2809Hz.

cordance with the vector field, the divergence plot
indicates the source of structure-borne energy flow at
the coordinates xF due to the area of maximum values.
In comparison to the numerical results, the region of
the force input is indistinct and in addition, an appar-
ent sink occurs. In a physical way the existence of a
sink can not be explained since there are no dissipating
elements at the plate, as mentioned above. The analy-
sis of the single components of the measured dynamic
stress tensor point out that local minima and maxima
are apparent at the location xF for τxz and τyz. Fur-
thermore, the comparison of the absolute divergence
values show large differences between measurement
and numerical calculations (numerically determined
maximum of divergence: 128.8Wm−3, experimentally
determined maximum of divergence: 16.7 kWm−3).

6. Discussion

In the presented paper, the SI of a thin plate has been
investigated based on experimental and simulation
results. In both approaches, a connected source (shaker
resp. input force) can be clearly identified.
Nevertheless, a quantitative mismatch between ex-

perimental and numerical data has been pointed out.
Due to the uniform distribution of the surface veloc-
ities of the investigated mode shape, the differences
are expected in single components of the stress ten-
sor. For this reason, the spatial distributions of the
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dynamic shear stresses τxy and τxz are compared for
both methods.
Figures 7 (simulation) and 8 (measurement) repre-

sent the obtained shear stresses τxy. The comparison
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Figure 7. Shear stress τxy (simulation).
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Figure 8. Shear stress τxy (measurement).

shows a high qualitative conformity of both spatial
distributions. For better comparability, the simulation
results are adjusted to the scanned region of the plate
(cf. section 5.2). In contrast to the qualitative con-
formity, the absolute values of the illustrated shear
stresses differ by a factor of 10.
Finally, the numerically and experimentally deter-

mined shear stresses τxz are compared since distinctive
local minima and maxima have been noted by analyz-
ing the test data as described above. Both distributions

are shown in Figures 9 and 10. In contrast to the shear
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Figure 9. Shear stress τxz (simulation).
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Figure 10. Shear stress τxz (measurement).

stresses τxy, the spatial distributions mismatch qual-
itatively as well as in absolute values. The distinct
minima and maxima of the measured shear stress τxz
lead to the observed sink within the calculated diver-
gence. In addition, the experimentally obtained stress
τyz which is not represented within this paper shows
minima and maxima at the same position as well. By
observing the simulated stress distribution in Figure 9,
a discontinuity near the location of the input force can
be identified analogous to the measured shear stress
τxz represented by Figure 10.
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7. CONCLUSIONS

Within the presented paper, the capability of an exper-
imental determination of structure-borne energy flows
is analyzed for a thin plate by comparing numerical
and measurement-based data which are obtained by
the use of a 3D laser scanning vibrometer. After a brief
introduction of basic equations of the structure-borne
sound intensities (SI), a description of the experimen-
tal test setup is given. The measurements are carried
out using free-free boundary condition and the inves-
tigated plate is excited by a electrodynamic shaker
which is located in the left lower corner of the test ob-
ject. Furthermore, no dissipating elements are applied
at the test structure. The results of the numerical anal-
ysis are obtained by finite element method to calculate
the dynamic stresses and velocities which are required
for SI computation. In a next step, the data acquisi-
tion and the results of the experimentally obtained
intensities are described.

The evaluation of the results shows that the SI can
be determined by optical measurements using a 3D
laser scanning vibrometer which enables a high spatial
resolution of acquired measurement points. The SI’s
vector field and the corresponding divergence indicate
the location of input force which can be identified,
for example, by a local maximum of the calculated
divergence. Furthermore, the experimentally obtained
divergence reveals an additional distinct apparent sink
next to the input force. The occurrence of this sink is
not plausible since there are no dissipating elements
applied at the measured plate. The comparison of ex-
perimental and numerical data show that the distinct
minima and maxima of the divergence are caused by
the experimentally obtained shear stresses τxz and
τyz. The remaining components of the stress tensor
and the surface velocities show a good correlation of
numerical and experimental data in terms of qualita-
tive distribution over the test structure. In contrast,
the comparison of absolute values indicates significant
differences.

Further investigation will focus on these mismatches
between simulation model and measurement. At first,
the occurrence of the distinct minima and maxima
of the mentioned shear stresses has to be clarified
since they influence the qualitative characteristic of
the resulting SI. Furthermore, the differences of abso-
lute values of numerical and experimental data will
be analyzed. Therefor, additional measurements will
be carried out to evaluate the validity of measured
stress distributions. The effect of the application of
different filters (e.g. in spatial domain) on the SI will
be analyzed as well.
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