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At the present time, mechanical vibration is undesirable in many cases. Therefore it is necessary to min-
imize unwanted vibrations in any appropriate manner. This paper is focused on a study of factors influ-
encing vibration damping properties that were investigated using multilayer composite structures. Fre-
quency dependencies of the displacement transmissibility over a frequency range of 2–1500 Hz were de-
termined by the method of forced oscillations. It was found in this study that the vibration damping 
properties of investigated multilayer structures are significantly influenced by number of material layers, 
excitation frequency of mechanical vibration, applied materials in multilayer structures, inertial mass, 
material thickness and density. It was also observed that a superior ability to damp mechanical vibration 
leads to a shift of the first resonance frequency peak position to lower excitation frequencies. 
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 Introduction 

Mechanical vibration is given by any motion that 
repeats itself after an interval of time 1. In generally, 
mechanical vibration can be divided in several ways, 
for example: 

 free and forced vibration, 
 damped and undamped vibration,  
 linear and nonlinear vibration, 
 deterministic and nondeterministic (or ran-

dom) vibration. 
 
The mechanical vibration is an undesirable phe-

nomenon in many cases, e.g. in precision engineering, 
vehicles, home appliances and scientific experiments. 
It can have a negative influence on manufacturing ef-
fectiveness and quality, tool life, equipment failures, 
safety at work, noise propagation 2 - 5 etc. For these 
reasons, it is necessary to reduce the unwanted me-
chanical vibration in any appropriate manner. There 
are various ways to eliminate the undesirable mechan-
ical vibration. It is possible to apply leaf or helical 
springs, suitable damping pads, hydraulic shock ab-
sorbers etc. In many cases, for example in a mounting 
of processing machines, it is also necessary to ensure 
system stiffness.  

The aim of this paper is to investigate vibration 
damping properties of multilayer composite structures 
which were subjected to harmonic excitations. Typical 
multilayer structures consist of three layers. The outer 
layers are made of high strength materials, whereas the 

core is made of lightweight materials [6]. In the case 
of the lightweight materials in the multilayer structu-
res, it is also important to take into account their per-
missible operating load ranges depending on the type 
of loading. For example, the load ranges of the Re-
gufoam® vibration 810 plus sample are as follows: the 
maximum static bearing capacity of 0.85 MPa, the ma-
ximum dynamic load bearing capacity for intermitted 
loading of 1.2 MPa and the short term peak load of 7 
MPa [7]. 

The schematic diagram of a multilayer structure, 
whereas the layer number i = 1, n, is shown in Fig. 
1. In this case, the mechanical vibration is propagated 
through the multilayer structure from the input side 
“I” to the output side “O”. The harmonically excited 
vibration is characterized by the force (FI) and the ve-
locity (vI) amplitudes on the input side of the multi-
layer structure. Similarly, the response of the harmon-
ically excited multilayer structure on its output (i.e. 
free) side is characterized by the force (FO) and the ve-
locity (vO) amplitudes.  

 

Fig. 1 Schematic diagram of vibration propagation through a 
multilayer structure 

The schematic diagram of a damped system under 
the harmonically excited motion y(t) of the base from 
its static equilibrium position is shown in Fig. 2. The 
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corresponding time displacement of the mass m from 
its static equilibrium position is denoted x(t). The abil-
ity of the mass-spring damper system to damp me-
chanical vibration is characterized by the displacement 

transmissibility Td 1, 8, 9, which is given by the equa-
tion (1):
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Where:  
X…Displacement amplitude of the response x 

m, 
Y…Displacement amplitude of the base m, 
k…Spring stiffness Nm-1, 
c…Viscous damping coefficient Nsm-1, 
…Frequency of oscillation rads-1, 
m…Mass kg, 
…Damping ratio , 
r…Frequency ratio , which is defined by the 

equation (2): 
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Where:  
n…Natural frequency rads-1, 
f…Frequency Hz. 

 
Fig. 2 Schematic diagram of a spring-mass damper system 

subjected to base motion 

In the case of the harmonically excited vibration, it 
is also possible to express the displacement transmis-
sibility as follows (see Fig. 1): 
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Where:  
vO…Velocity amplitude on the output side of a har-

monically excited system ms-1, 
vI… Velocity amplitude on the input side of a har-

monically excited system ms-1, 
aO…Acceleration amplitude on the output side of 

a harmonically excited system ms-2, 
aI… Acceleration amplitude on the input side of a 

harmonically excited system ms-2. 
Based on the displacement transmissibility value, 

there are three different types of mechanical vibration: 
 damped vibration (Td  1), 
 undamped vibration (Td = 1), 
 resonance vibration (Td  1). 
Under the condition dTd/d = 0 in the Eq. (1), it is 

possible to determine the frequency ratio r0 at which 
the displacement transmissibility has its maximum: 
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It is evident from the equation (4) that the freque-
ncy ratio r0 generally decreases with the increasing 
damping ratio . The phase angle  (see Fig. 2) of the 
response x(t) with regard to the base motion y(t) under 
the harmonic base excitation 1 is expressed by the 
equation (5): 

        rad
r

r

cmkk

cm
























 

22

3
1

22

3
1

141

2
tantan







  (5)

 Experimental 

2.1 Measurement methodology of displacement 
transmissibility 

Experimental measurements of frequency depen-
dencies of the displacement transmissibility were per-
formed by the forced oscillation method at the freque-
ncy range of 2-1500 Hz on samples of the ground 
plane dimensions 60 mm  60 mm. The measuring 
equipment (see Fig. 3) consists of BK 3560-B-030 sig-
nal pulse multianalyzer, BK 4810 mini-shaker and BK 

2706 power amplifier (all from Brüel & Kjær, Den-
mark).  

 
Fig. 3 Schematic diagram of measuring equipment  
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The displacement transmissibility Td was subseque-
ntly determined from the equation (3) by means of the 
acceleration amplitudes that were experimentally me-
asured by the accelerometers AI and AO (BK 4393). 
Each measurement was repeated 5 times at an ambient 
temperature of 23 C. 

2.2 Investigated multilayer structures 

As mentioned above, the vibration damping prop-
erties were investigated for multilayer structures which 
consisted of different material layers. The specifica-
tion of basic materials, which were used in tested mul-
tilayer structures, is shown in Tab. 1. 

Tab. 1 Specification of basic materials 
Material designation Material characterization Density  [kgm-3] 

CON Concrete 2205 
CORK Cork 204 
PURL Low-density open-cell polyurethane foam 150 
PURM Middle-density open-cell polyurethane foam 400 
PURH High-density open-cell polyurethane foam 510 
PVC Polyvinyl chloride 228 
RUB Rubber 1039 
STE Steel 7850 

RRUB Recycled granulated rubber 675 
RPUR Recycled polyurethane foam 84 
RTEX Recycled textile material 77 

 Measured results and discussion 

This chapter deals with different factors that have 
influence on the displacement transmissibility Td of in-
vestigated multilayer structures. 

3.1 Displacement transmissibility of basic materials 

The frequency dependencies of the displacement 
transmissibility of certain basic materials, which are 
applied in multilayer composite structures, are shown 
in Fig. 4. The inset legends indicate the sample type 

(see Tab. 1) and its thickness (behind the sample type) 
in millimetres. It is visible that the rigid materials (see 
Fig. 4a) embody generally lower vibration damping 
properties (i.e. higher values of the displacement 
transmissibility) compared to the soft materials (see 
Fig. 4b). Therefore rigid materials are not suitable in 
order to damp mechanical vibration. In many cases 
(e.g. for mounting a machine to a base), it is desirable 
to ensure not only the vibration elimination of a sys-
tem, but also its rigidity. For this reason it is necessary 
to design a suitable multilayer composite structure. 

 
Fig. 4 Frequency dependencies of the displacement transmissibility for rigid (a) and soft (b) materials

3.2 Displacement transmissibility of multilayer struc-
tures 

In this chapter, the designation principle of the in-
vestigated multilayer structures is performed as fol-
lows: The first material type (incl. its thickness in mm) 
in the name of a given multilayer composite structure 
is connected to the input side I (see Fig. 1), i.e. to the 
BK 4810 mini-shaker (see Fig. 3). The last material 
(incl. its thickness in mm) in the name of a given mul-
tilayer structure is on the output side O (see Fig. 1) of 
a harmonically excited system. As indicated in Fig. 1, 

the mechanical vibration is gradually propagated from 
the input side I through other materials (from the left 
in the name of a given multilayer structure) to the out-
put side O. 

The frequency dependencies of the displacement 
transmissibility Td of single- and two-layer structures 
are compared in Fig. 5. Vibration damping properties 
are characterized by the first resonance frequency fR1 

at which the first maximum displacement transmissi-
bility value Tdmax is reached (fR1  Tdmax). The first res-
onance frequency peak position of the tested two-
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layer composite structures is shifted to lower excita-
tion frequencies compared to the single-layer basic 
materials. For this reason the presented two-layer 
composite structures have a better ability to damp me-
chanical vibration.  

It is visible (see Fig. 5a) that the material thickness 
has a positive influence on vibration damping. It is 
caused by a higher inertial friction of the thicker recy-
cled polyurethane foam (t = 30 mm) during propaga-
tion of mechanical vibrations through the material 
structure under dynamic loading compared to the re-
cycled polyurethane foam of the thickness t = 10 mm. 

This phenomenon is observed mainly at lower excita-
tion frequencies (i.e. f  500 Hz).  

It is also evident that the inertial mass, in this case 
the concrete (see Fig. 5a) and the steel (see Fig. 5b), 
has a positive effect on reduction of mechanical vibra-
tions. In general, a higher inertial mass leads to a de-
crease of the natural frequency n [10, 11] that is pro-
portional to the square root of the ratio of the material 
stiffness k to the mass m as indicated in equation (2). 
This fact is reflected in a decrease of the above-men-
tioned frequency ratio r0 and the first resonance fre-
quency fR1. 

 

Fig. 5 Frequency dependencies of the displacement transmissibility of single- and two-layer structures 
 
Fig. 6 shows the vibration damping ability of dif-

ferent types of middle material layers that were placed 
between two certain rigid material layers in the inves-
tigated three-layer structures. It is evident that vibra-
tion damping properties of the tested three-layer 
structures are generally increasing with decreasing the 
density of the middle-layer material. Therefore the ap-
plication of a low-density middle-layer material leads 
to a decrease in total stiffness of the three-layer struc-
tures and also to a shift of the first resonance fre-
quency peak position to lower excitation frequencies. 

This is particularly evident in the application of recy-
cled low-density materials such as the recycled polyu-
rethane foams and textiles. The application of recycled 
waste materials can contribute to environmental pro-
tection in different areas. On the contrary, the appli-
cation of tougher materials (e.g. the high-density pol-
yurethane foam in Fig. 6a) in the three-layer structures 
leads to a lower ability to reduce mechanical vibra-
tions. It is again evident (see Fig. 6b) that the thickness 
of the applied middle-layer material (i.e. the recycled 
polyurethane foam) has a positive influence on vibra-
tion damping of the tested three-layer structure. 

 

Fig. 6 Frequency dependencies of the displacement transmissibility of three-layer structures 
 
The frequency dependencies of the displacement 

transmissibility Td of selected four-layer structures are 
shown in Fig. 7. It is visible that better vibration 
damping properties are generally obtained by applying 

softer (i.e. the recycled polyurethane and textile mate-
rials in Fig. 7a) and thicker (i.e. the recycled polyure-
thane foam in Fig. 7b) materials in the tested four-
layer structures. 
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Fig. 7 Frequency dependencies of the displacement transmissibility of four-layer structures

3.3 Effect of number of material layers 

The effect of number of material layers in multi-
layer composites structures on the displacement trans-
missibility is demonstrated in Fig. 8. It is evident that 
the increasing number of the applied material layers 
(see Figs. 8a and 8b) in the multilayer composites 

structures has a positive influence on vibration damp-
ing in these cases. The increasing number of the ma-
terial layers results in a stiffness decrease of the multi-
layer structures and subsequently leads to a shift of the 
first resonance frequency peak position to lower exci-
tation frequencies. 

 

Fig. 8 Effect of number of material layers on the displacement transmissibility

3.4 Effect of excitation frequency 

The excitation frequency f of mechanical vibration 
belongs to significant parameters that have an influ-
ence on the displacement transmissibility of the inves-
tigated multilayer composite structures. Therefore the 
applicable frequency has an important influence on vi-
bration damping. It can be concluded (see Fig. 4  Fig. 
8) that the resonance vibration (for Td  1) was gener-
ally observed at low excitation frequencies. In the case 
of some basic rigid materials (e.g. the concrete), the 
resonance vibration was observed practically in the 
whole measuring frequency range. Contrariwise, the 
investigated soft materials (e.g. the recycled polyure-
thane and textile materials) are characterized by the 
resonance vibration at significantly lower excitation 
frequencies (see Fig. 4b). It was also found that the 
resonance vibration can be eliminated by suitable mul-
tilayer composite structures (see Fig. 5  Fig. 8) com-
pared to the basic single-layer materials.  

 Conclusion 

The purpose of this paper was to investigate dif-
ferent factors that have influence on vibration damp-
ing properties of multilayer composite structures. It 
was found in this study that the ability to damp me-
chanical vibration of the tested multilayer structures is 
significantly affected by composition of the structures, 
number of material layers, excitation frequency, mate-
rial thickness, density and inertial mass. It can be con-
cluded that vibration damping properties of the inves-
tigated multilayer composite structures are generally 
increasing with increasing the excitation frequency, 
the material thickness and the inertial mass and with 
decreasing the material density. These factors are re-
flected in a shift of the first resonance frequency peak 
position to lower excitation frequencies. In addition, 
when applying suitable materials, a more efficient vi-
bration isolation system can be also achieved with a 
higher number of layers in the investigated multilayer 
structures. Moreover, it is possible to apply suitable 
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recycled materials (e.g. soft polyurethane foams and 
textile materials) in order to damp mechanical vibra-
tion, which can contribute to environmental protec-
tion.  
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