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Abstract 
In the design of lightweight structures, the construction of damping still is an unused design freedom. 
While material inherent damping of aluminum or composite materials is generally low, the internal 
damping of elastomers is significant. The basic concept of including local elastomer dampers into 
aluminum or composite components of aeronautic structures is addressed with the objective to increase the 
damping of specific vibration modes. The modelling from 1D rheological models of visco-elastic material 
up to 2D and 3D modelling using finite elements is addressed. Using the finite element method, a global 
damping matrix can be generated which enables forecasts of modal damping levels. A parameter study on 
a simple dynamic oscillator has been performed to better understand the influence of the parameters of 
visco-elastic material models. The experience gained on simple oscillators has been transferred towards 
damping design of a simple aluminum structure subjected to forced harmonic vibrations. 

1 Introduction 

Lightweight design is mandatory in the construction of aeronautic structures. As a consequence, such 
structures are prone to vibration. While sophisticated mathematical models are generated for the 
representation of structural stiffness and mass distribution, the modelling of damping is still very basic and 
mostly pursued in terms of modal damping with rough estimates of damping ratios. 

In general, damping can be attributed to distributed material damping or to local damping at joints. Since 
metallic materials or composites used in the design of aeronautic structures have little internal material 
damping, the overall damping ratios of such structures are rather low. Therefore, the design of damping 
e.g. by introduction of local dampers is considered as an objective, because it is a design degree of 
freedom that is currently not used. The design of damping e.g. for an aircraft fuselage or even for aircraft 
wings would be beneficial for the reduction of overall vibration levels and will lead to longer fatigue life 
and improved cabin comfort in terms of acoustics and vibrations. For example, local dampers on specific 
fuselage frames or fuselage stringers can help to dissipate vibration energy for the reduction of cabin 
interior noise levels. This is an attractive concept in particular in the vibro-acoustic domain e.g. when 
stationary excitation from turbulent boundary layer is considered in cruise flight or steady engine induced 
vibrations in the climb phase. In case of transient events, such as gust encounter or landing impact, rapid 
decay of vibrations achieved with proper placement of dampers would help to passively alleviate dynamic 
loads. Many more examples from aeronautics could be named where increase of damping is beneficial. 

Since the material damping is rather low and the damping at joints of metallic components is related to 
strong non-linear friction effects influenced by lubrication and wear, another source of damping is 
discussed in this paper: the visco-elastic material properties of elastomers. First, the material behavior is 
reviewed in the time- and in the frequency-domain leading to the definition of the relaxation function and 
the complex shear modulus. Afterwards, a 3D material law is formulated which allows the generation of 
frequency-dependent element stiffness- and damping matrices of 1D, 2D, and 3D solid elements. The 
inclusion of local elastomer dampers based on Free-Layer-Damping and Constrained-Layer-Damping is 
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discussed. They contribute to the overall damping when shear deformation is activated. The challenges in 
the damping design based on supplemental elastomer dampers and the difficulties in the dynamic response 
simulation of assembled structures with local elastomer dampers will be addressed in the paper. 

2 Theoretical background of visco-elastic material modelling 

In this section, different idealized material properties are discussed. Afterwards, the specific visco-elastic 
properties are reviewed in more detail together with appropriate equivalent rheological models. 

2.1 Hooke’s law for linear elasticity 

Linear elastic material deforms under external loads. After removing the load, the deformation will 
disappear and the material will return to its original geometric shape. When scaling the load by a certain 
factor, the deformation will appear with the same scale. When small strains and small stresses are 
considered, a linear-elastic material law can be formulated in matrix-vector-notation for a three-
dimensional (3D) body relating all elements of the generalized 3D strain tensor with the corresponding 
elements of the 3D stress tensor [1]: 

     E   (1) 

This is referred to as Hooke’s law for linear elasticity. When furthermore isotropic materials are 
addressed, e.g. metallic materials like steel and aluminum or elastomers like rubber, the number of 
independent parameters in the material law reduces significantly [1]: 
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The Young’s modulus E relates the 1D stress with 1D strain. The Poisson’s ratio ν is the ratio of 
transverse strain to longitudinal strain in the direction of loading in a 1D load case. The shear modulus G 
relates the shear stresses τ with the shear strains γ as follows [1]: 
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2.2 Viscosity of Newtonian fluids 

Pure viscous material behavior can only be attributed to fluids. Viscosity is the resistance of a fluid against 
shear deformation [2]. When a fluid is subjected to a relative transverse motion in the gap between two 
surfaces of solid material as sketched in Figure 1, a shear stress will be induced in the fluid. Integration 
over the surface exposed to the fluid will resistance force proportional to the relative (shear) velocity. In 
case of a linear relation between shear velocity and shear stress, the fluid is referred to as a Newtonian 
fluid. The factor μ relating the shear stress with the relative shear velocity is the dynamic viscosity of the 
fluid.  
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Figure 1: Shear deformation of a fluid 

2.3 Linear visco-elasticity 

Visco-elasticity is a combination of linear elasticity of solids and viscosity of fluids, [2]. It thus appears in 
materials that feature both properties at the same time. The essential difference to linear elasticity is that 
response of visco-elastic material to a given loading is time-dependent, see Figure 2. 

 

Figure 2: Time-dependent shear stress response of visco-elastic materials to step shear strain input 

This requires time-dependent material parameters, or respectively, a time-dependent material law. The 
essential time-dependent function G(t) is referred to as relaxation function : 

 0( ) ( )t G t   (5) 

The sketch of Figure 2 refers to a step function for the prescribed shear strain and the corresponding 
exponential decay of the shear stress with time. 

 

Figure 3: Arbitrary time-history of prescribed shear strain decomposed  
into a sequence of step functions according to [3] 

In general, the time-history of the prescribed shear strain γ(t) can be arbitrary. Nonetheless, arbitrary time 
histories of the prescribed shear strain can be decomposed into a sequence of steps as shown in Figure 3.  

The increment in shear strain dγ to the total shear strain γ at the time t of a particular step is: 

 ( ) ( )d t d t dt    (6) 

Consequently, when taking into account the time-dependence of the material law, the increment dτ in the 
shear stress is [3]: 
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  ( ) ( )d t G t t d t dt      (7) 

Summation of an infinite number of steps in the approximation of the γ(t) will finally lead to the following 
convolution integral [3]: 

  ( ) ( )
t

t G t t d t dt 


      (8) 

As can be seen, the constitutive equation for linear visco-elastic material is rather complicated in the time-
domain and will not lead to the desired global viscous damping model for damped multi-degree of 
freedom systems. 

The time-dependent reduction of the stress as output to prescribed strain as input is referred to as 
relaxation. This is caused by internal viscous effects in the material, e.g. friction between the 
macromolecules. For completeness, the relation between prescribed stress as input and strain as output is 
referred to creep. These equations are not developed here and will not be used later on. 

When harmonic motion is considered, e.g. in the circular frequency of excitation Ω, the equations for 
linear visco-elastic behavior can be simplified considerably. 

    ˆ ˆ ˆ ˆ( ) , ( ) ,linearj t j t
re im re imsystem

t e j t e j                  (9) 

 ˆ ˆˆ ( )G j    (10) 

When using complex notation for harmonic strain and harmonic stress, a frequency-dependent complex 
shear modulus can be derived: 

 ˆ ( ) ( ) ( )G j G jG       (11) 

Its real part G’(Ω) is called the storage modulus and its imaginary part G”(Ω) is the loss modulus. The 
ratio of storage and loss modulus is the so-called loss factor η: 
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It should be noted that all material parameters are frequency-dependent and also temperature-dependent. 
The dependence on temperature is however neglected in the following and constant temperature is 
assumed. 

For the development of a material law, an equivalent rheological model is required. Combinations of 
springs and Maxwell elements (i.e. an elastic spring and a viscous damper arranged in series) can be used 
to approximate the observed time-dependent behavior of visco-elastic material. In a so-called Prony-
Series, a number of Maxwell elements are arranged in parallel with an elastic spring to approximate the 
material behavior, see Figure 4. 

 

Figure 4: Setup of a Prony-Series (a) and typical time-dependent behavior (b) [4] 

Each Maxwell element has a spring stiffness Gi and a damper constant μi. The damper constant and the 
spring stiffness of the Maxwell element are related with its relaxation time constant τrel,i [3]: 
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With the Prony-Series as an equivalent rheological model at hand, the time dependent shear modulus in 
equation (5) can now be revisited [4]: 
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In this equation, the stiffnesses (or storage moduli) Gi of the different Maxwell elements can be expressed 
as a fraction of the modulus G0 [5]: 
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It should be noted that G∞ characterizes the storage modulus of the material for infinitely slow 
deformation, i.e. the static storage modulus at frequency of 0 Hz. At the same time, G0 characterizes the 
storage modulus of the material for infinitely fast deformation, i.e. the storage modulus at infinite 
excitation frequency. The αi are referred to as relative moduli for which the following relations exist [6]: 
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When assuming harmonic stress and harmonic strain, the Prony-Series can be transformed into the 
frequency-domain so that the storage and loss modulus of the visco-elastic material can be determined [5]: 
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The typical evolution of storage modulus, loss modulus and loss factor with frequency is shown in 
Figure 5. Here, a Prony-Series consisting of an elastic spring G∞ and a single Maxwell element with the 
modulus G1=α1G0 and the relaxation time constant τrel,1=μ1/G1 has been used. It can be observed that the 
storage modulus starts at G∞ and increases with frequency and finally converges towards G0, which is the 
sum of all spring stiffnesses. The loss modulus starts at zero, increases significantly and reaches a 
maximum. Afterwards it decreases and seems to converge towards a lower value. The loss factor 
evolution with frequency is similar. However, the maximum of the loss factor is not at the same frequency 
than the loss modulus. This is caused by the frequency dependence of both, storage and loss modulus. 

 

Figure 5: Typical variation of complex modulus and loss factor of an elastomer with frequency 
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The frequency dependent material behavior has been developed for the complex shear modulus. The same 
relations can also be derived for the complex Young’s modulus for elongation of the material. When 
considering elastomers with visco-elastic behavior, it is justified to assume isotropy. In this case, the 
simple and well-known relation between shear modulus G and Young’s modulus E as stated in equation 
(3) can be applied. It should be noted that elastomers can be considered as incompressible fluid, so that the 
Poisson ratio is close to 0.5: 

  2 1 , 0.499
2(1 )

E
G E G  


    


 (19) 

    ( ) 2 ( ) 1 , ( ) 2 ( ) 1E G E G               (20) 

Using these relations, an extension to Hooke’s law, see equations (1) and (2), can be derived for the 
generic 3D state for stress and strain. A frequency dependent material law is obtained with real part (i.e. 
matrix of storage modulus) and imaginary part (i.e. matrix of loss modulus): 

        ˆˆ ( ) ( )E j E       (21) 

2.4 Implementation of visco-elasticity into the finite element method 

The availability of the 3D material law for visco-elastic materials has been derived in the previous section. 
It is a prerequisite for the modelling of local damping from visco-elastic materials using the Finite 
Element (FE) method. The FE method utilizes spatial discretization of continuous displacements fields. A 
continuous structure is virtually disassembled into a finite number of elements. Within each element, the 
continuous displacements u, v, w in x-, y- and z-direction are approximated by shape functions hi(x,y,z) and 
nodal point displacements Ui, Vi, Wi. for i = 1,..,N with N being the number of nodes of the element [1], 
[7]: 
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    ( , , ) ( , , )
T

g g gu x y z h x y z U     (26) 

Inserting this approximation into the kinematic relation between displacements and strains yields [1], [7]: 

         ( , , ) ( , , ) ( , , )
T

g g gx y z u x y z h x y z U         (27) 
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Finally, the equivalence of the virtual work of external loads with the virtual work of internal stress and 
strain yields an analytical expression for the stiffness matrix of a finite element: 

          
TT T

e g g

V

K h E h dV          (29) 

Now, the frequency-dependent 3D visco-elastic material law can be inserted in this equation. The real part 
of the material law (i.e. matrix of storage modulus) will lead to a frequency dependent element stiffness 
matrix. The imaginary part of the material law (i.e. matrix of loss modulus) will lead to a frequency 
dependent element damping matrix. 

          ( ) ( )
TT T

e g g

V

K h E h dV            (30) 

            ( ) ( ) ( ) ( )
TT T

e g g e

V

j D j h E h dV j K               (31) 

As can be seen, the damping of visco-elastic material in case of harmonic excitation leads to a structural 
damping matrix (i.e. a hysteretic damping matrix) instead of a viscous damping matrix. The essential 
difference to classical structural damping is the frequency-dependence of the loss factor and the 
frequency-dependence of the stiffness matrix 

As with other element stiffness matrices, they must be assembled to a global stiffness matrix. This is 
typically done with Boolean matrices relating the global degrees of freedom of the overall system with the 
local element degrees of freedom. Summation over all elements yields the global stiffness matrix. This 
approach can be applied here for the frequency dependent stiffness and damping matrices from elements 
with visco-elastic material as well: 

     e e globalU T U  (32) 

       ( ) ( )
T

e e e
e

K T K T    (33) 

       ( ) ( )
T

e e e
e

j D j T D T    (34) 

Finally, the equation of motion can be formulated only for harmonic excitation, or respectively, in the 
frequency domain. 

          2 ˆˆ( ) ( )M j D K u f       (35) 

For each frequency of excitation, the system is linear. However, due to the material being frequency 
dependent, the global stiffness and damping matrix must be evaluated for each frequency of interest. It 
should be noted however, that significant benefit can be obtained from the isotropic material. In fact, the 
frequency dependence can be factored out as a frequency-dependent scalar multiplier in the 3D material 
law. To this end, also the frequency dependence can be factored out in the same way for the element 
stiffness and damping matrices, and finally, also for the global stiffness and damping matrix. It would be 
possible to evaluate the global stiffness and damping matrix for one specific frequency. In this case, the 
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relative size of all elements in this matrix is correct. Just a global scaling by a frequency-dependent factor 
is required. However, the stiffness matrix must be scaled with a different frequency dependent multiplier 
than the damping matrix, because the storage modulus has a different frequency-dependent behavior than 
the loss modulus. 

When an overall assembled system is considered which has some components from standard linear elastic 
material and some other components from frequency-dependent visco-elastic material, the frequency-
dependent scaling must be applied only to a subpart of the stiffness matrix. It is therefore good practice to 
separate the linear-elastic part in the model from the visco-elastic part: 

            ( ) ( ) , ( ) ( )el vis el visK K K D D D         (36) 

3 Parameter study for linear visco-elastic materials 

The modelling of frequency-dependent stiffness and (hysteretic) damping has been discussed in the 
previous section. In this section, a basic oscillator is modelled with visco-elastic material to investigate its 
response characteristics from harmonic excitation. The sensitivities of the parameters of the Prony-Series 
used to model the visco-elastic material law are investigated for their impact on frequency response 
curves. 

3.1 Parameter study for one-dimensional state of stress 

In this study, the influence of the parameters of a Prony-Series on the dynamic response characteristic of a 
simple mechanical oscillator shall be investigated. To this end, the example is kept rather simple, i.e. a 
simple rod clamped at one end and excited harmonically at the other end, see Figure 6. The visco-elastic 
material is represented by a Prony-Series with one spring and one Maxwell element in parallel. The 
parameters of the Prony-Series, the material parameters and geometric parameters of the example are 
given in Table 1. They do not refer to real existing material, but are modified from existing material. 

 

Figure 6: 1D rod with visco-elastic material properties 

Table 1: Parameters of the 1D simulation example 

Parameter E0 [N/m2] α [-] τrel [s] l [m] A [m2] ρ [kg/m3] 

Value 4·105 0.1 0.1 1.0 0.0625 1100 

 

The Young’s modulus in the equation for the stiffness of the rod is now replaced by the frequency 
dependent complex modulus leading to frequency dependent element stiffness and frequency-dependent 
hysteretic damping: 

 
( ) ( )

( ) , ( ) ( ) ( )visco elastic

material

EA E A E A
k k d k

l l l
   

          (37) 
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Due to the frequency dependence of stiffness and damping properties, eigenvalue analysis is no longer 
possible. However, the frequency response can be obtained in the direct way from inversion of the 
dynamic stiffness matrix: 

  2

2

1ˆ ˆˆ ˆ( ) ( )
( ) ( )

m jd k u f u f
m jd k

       
    

 (38) 

The frequency response analysis has now been conducted under variation of the parameters of the Prony-
Series, i.e. variation of E0, the relaxation time constant τrel and the relative modulus α around their nominal 
values as given in Table 1. The effect of variation of E0 on storage modulus and loss modulus can be 
found in the left diagram of Figure 7, whereas in the right diagram, the effect of E0 on the frequency 
response of the rod is shown.  

     

Figure 7: Influence of E0 on storage modulus �′ and loss modulus �′′ (left) and 
influence of E0 on magnitude displacement response and phase response (right) 

The effect of variation of the relaxation time τrel on storage modulus and loss modulus can be found in the 
left diagram of Figure 8, whereas in the right diagram, the effect of the relaxation time τrel on the 
frequency response of the rod is shown. 

     

Figure 8: Influence of relaxation time τrel on storage modulus �′ and loss modulus �′′ (left) and 
influence of relaxation time τrel on magnitude displacement response and phase response (right) 

Finally, the effect of variation of the relative modulus α on storage modulus and loss modulus can be 
found in the left diagram of Figure 9, whereas in the right diagram, the effect of the relative modulus α on 
the frequency response of the rod is shown. 
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Figure 9: Influence of relative modulus α storage modulus �′ and loss modulus �′′ (left) and 
influence of relative modulus α on magnitude displacement response and phase response (right) 

Next to the sensitivity of the parameters of the Prony-Series, also the sensitivities of the geometrical 
parameters of the oscillator have been investigated. The following relevant results quantities were 
considered for the sensitivity study: the storage modulus E′, the maximum of the loss modulus ����

�� , the 

frequency ����
���  under which the ����

�� 	occurs, the maximum value of the loss factor ����, the maximum 

amplitude |��|��� of the displacement response, the frequency ����
|��|  under which the maximum response 

occurs, and the modal viscous damping ratio D. The results of the sensitivity study are summarized in 
Table 2. An upwards pointing arrow means results quantity increases with increasing parameter. A 
downward pointing arrow means results quantity decreases with increasing parameter. The equal sign 
means no change. Finally, ‘case dep.’ means that the observation is dependent on the case considered and 
cannot be generalized. 

Table 2: Influence of Prony-Series parameters and geometrical parameters  
on characteristic features of the 1D oscillator 

Parameter E′ ����
��  ����

���  ���� ����
�

 |��|��� ����
|��|  D 

�� ↑ ↑ = = = ↓ ↑ = 

α ↓ ↑ = ↑ ↓ ↓ ↓ ↑ 

τ ↑ = ↓ = ↓ case dep. ↑ case dep. 

l = = = = = case dep. ↓ case dep. 

A = = = = =  = = 

 

3.2 Parameter study for two-dimensional state of stress 

In a two dimensional study, the 1D rod has been exchanged by a 2D membrane element whose cross 
sectional properties are equivalent to those of the rod. Also the boundary conditions and loading 
conditions were retained. This example served to investigate the influence of the Poisson’s ratio ν on the 
dynamic characteristics of the mechanical oscillator. Since there is little influence on the Poisson’s ratio in 
the development of elastomeric materials, the results of this study are somehow academic and are not 
presented here. 
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Figure 10: 2D membrane element with visco-elastic material properties 

4 Parameter optimization for visco-elastic materials 

It has been discovered during the literature research that material properties of elastomers are not available 
as for example those of metallic materials like different alloys of steel or aluminum. The reason is that an 
almost unlimited number of different mixtures and vulcanisates exist for a given polymer type. This has 
posed problems in the mathematical modelling of the visco-elastic material. In fact, this is the main reason 
why artificial material parameters from a modification of real existing elastomers had to be used. 

Nonetheless, this opens up the possibility for material parameter optimization, because in case of the 
development of technical elastomers for specific applications, the material parameters like storage 
modulus, loss modulus, shore hardness, glass transition temperature, etc. can be influenced and adapted to 
a large extent - much more than e.g. the Young’s modulus for steel or aluminum. Based on this, the idea of 
optimizing the Prony-Series parameters for a given technical application has been considered feasible. 

The basic equations of finite element model updating can be applied here. A residual r must be defined 
between the desired dynamic properties atarget of an oscillator and the current dynamic properties a(p) 
obtained with the current set of material parameters: 

      ( ) ( )targetr p a a p   (39) 

The objective of the parameter optimization is the minimization of the following objective function: 

    ( ) ( ) min
T

J r p r p   (40) 

A Taylor-Series approximation is introduced to linearize the non-linear relation between the current 
dynamic properties and the material parameters: 

                0 0 0( ) ( )a p a p S p p a S p       (41) 

The sensitivity matrix [S] contains the partial derivatives of the dynamic properties ai used as output 
features with respect to the parameters pj of the Prony-Series. For example, the output features ai can be 

the viscous damping ratio D of the oscillator and the frequency ����
�

 under which the maximum of the 
loss factor occurs. On the other hand, the parameters of the Prony-Series can be the relaxation time τrel and 
relative modulus α: 

    

1 1

max
1

max

1

j

rel rel

i i

j

a a
D fp p

S S
D fa a

p p





 

 

  
    
    
    
              



  



 (42) 

Inserting this linearization into the residual and into the minimization problem finally leads to the 
following linear equation, from which an incremental change of the material parameters can be deduced: 
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1

0 0

T T
p S S S a S a

 
    (43) 

Due to the linearization of the non-linear parameter dependence, the parameter changes are only 
incremental and the determination of parameter changes must be performed iteratively until convergence 
is achieved. 

Starting from given set of parameters of a Prony-Series, it is now possible to formulate target values for 

viscous damping ratio D and frequency of the loss factor maximum ����
�

 for a given application. The 
elements of the sensitivity matrix must be determined from finite differences in this case.  

 

Figure 11: Objective function and path of iterative parameter optimization for  
Prony-Series parameters viscous damping ratio and relaxation time 

It can be stated, that for a given application and for given initial values of a Prony-Series for a visco-
elastic material, optimized parameters can be obtained from model updating by providing target values for 
dynamic response characteristics. This is shown in Figure 11, where the objective function is plotted over 
the two Prony-Series parameters relaxation time τrel and relative modulus α. These optimized Prony-Series 
parameters can now be provided for the development of an optimized elastomer vulcanisate. 

5 Design of supplemental dampers based on visco-elastic materials 

The experience gained from the parameter studies of chapter 3 shall be now applied to design the damping 
of a given dynamic structure. One of the targeted applications is to increase damping of aircraft fuselage 
structures to reduce cabin noise levels through distributed energy dissipation by visco-elastic dampers. All 
tools required to implement visco-elastic dampers in a finite element model were presented above in 
chapter 2. 

5.1 Free-Layer-Damping 

The example considered here is a cantilever beam made from aluminum. A beam is selected here, because 
the fuselage frames to be supplemented by local dampers are ring-shaped bending beams made from 
aluminum. 

The setup is sketched in Figure 12. The beam is clamped at one end and a harmonic excitation force is 
introduced in vertical direction at the unconstrained beam tip. The aluminum material properties are listed 
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in Table 3. It should be noted that it also contains a structural damping coefficient. An additional damping 
layer is added onto the upper flange of the I-shaped cross section of the cantilever beam. This corresponds 
to the concept of Free-Layer-Damping (FLD). Butyl rubber has been identified as damping material and 
the frequency-dependent behavior is modelled by a Prony-Series with 10 parameters. The finite element 
software used is ANSYS Workbench. The resulting evolution of storage modulus and loss modulus of this 
material is shown in Figure 13. It must be noted, however, that these material properties are not from an 
existing material, but instead, they have been created from some other material because the required 
Prony-Series parameters for the targeted butyl rubber vulcanisate were not available when the numerical 
study has been conducted. 

 

Figure 12: Geometry of the cantilever beam example 

Table 3: Aluminum material properties used for the cantilever beam example 

Material ρ [kg/m3] E [N/m2] ν η 

Aluminum 2700 7.1·1010 0.3 0.005 

 

 

Figure 13: Storage modulus and loss factor of the butyl rubber as a function excitation frequency 

Of course, the FLD concept has been verified for an additional layer of butyl rubber all along the beam 
and parameters like thickness of the layer have been varied. However, in order to keep the amount of 
additional material and the weight penalty at a minimum, the volume of supplemental damping material 
shall not exceed 5% of the volume of the original metallic structure. This corresponds roughly to 2.5% 
increase in the weight of the overall structure due to the supplemental elastomer damper. 

This can be achieved by applying the damper not as a full layer, but instead as short segment placed onto 
the upper flange of the I-shaped beam. The placement of the segment along the beam largely influences 
the modal damping that can be achieved. In the FLD concept, the damping layer should be placed where 
the strain is significant. In Figure 14, the equivalent strain distribution is plotted for the 3rd mode and 5 
different locations zi, i=1,…,5, for the placement of the FLD damper segment are indicated. 
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For the evaluation of the effectiveness of the supplemental FLD damper segment, the parameter βD is 
introduced. It represents the ratio of the relative difference in the viscous damping ratio ΔD and the added 
elastomer material volume ΔV (in percent): 

 D

D

V






 (44) 

 

Figure 14: 3rd bending mode of the I-shaped beam and 5 locations for the application of damper segments 

Based on this effectiveness parameter βD, the results shown in the bar chart of Figure 15 have been 
obtained. 

 

Figure 15: Effectiveness of supplemental FLD damper segment 
for different modes and different damper positions 

It can be observed that the different modes can be damped with different effectiveness. This has basically 
two different reasons. 

The first reason can be found in the location of the damper. In case of FLD, it should be placed at a 
position with significant strain. This explains why mode 1 can be damped most effectively when the 
damper is located at the clamping position z1 and no damping can be achieved when located at the 
unconstrained beam tip z5. The same applies to z1 and z5 for the second and the third mode. Best damping 
effectiveness can be achieved for mode 2 and 3 when the damper element is located at an antinode, or 
respectively, a local deflection maximum, e.g. z4 in case of mode 3 and z3 in case of mode 2. 

The second reason for the different damping effectiveness can be found in the frequency dependence of 
the loss modulus and the storage modulus. In Figure 13, the variation of storage modulus and loss factor is 
shown for the butyl rubber used here. It can be seen in the lower diagram that the loss factor is higher for 
mode 1 than for mode 2 and the loss factor for mode 2 is higher than the one for mode 3. More important 
is, however, the strong linear increase in the storage modulus. When taking into account that the loss 
modulus is the product of loss factor and storage modulus, see equation (12), it is clear that the loss 
modulus also increases and is highest for mode 3 but almost a factor of 10 lower for mode 1. 

As indicated in Figure 15, the concept of FLD yields an increase of the damping ratio of the aluminum 
beam. The beam material was simulated with a structural damping coefficient of 0.005, see Table 3. This 
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corresponds to an equivalent viscous damping ratio of 0.25%, i.e. a weakly damped system. The additional 
5% (in volume) of elastomer can increase the damping of the aluminum beam by +172%, i.e. up to 0.43% 
damping ratio. This is still weakly damped. However, the material properties used are not from a realistic 
material. There is more potential of elastomer dampers e.g. when a specific damping material is designed 
for a specific application (i.e. defined in terms of frequency range, operating temperature, desired loss 
modulus, etc.).  

5.2 Constrained-Layer-Damping 

In the Constained-Layer-Damping concept, the damping can be introduced by a layer of visco-elastic 
material which undergoes shear deformation. In particular, the shear rate of this material shall be much 
higher than those of the material of the original structure for which damping shall be designed. Based on 
preliminary simulations, it can be anticipated that the Constraint Layer Damping concept is much more 
effective when applied to the aluminum beam example of chapter 5.1. It is based on the idea, that the 
damper segment can be activated significantly by an auxiliary mechanism. The concept studied is 
sketched in Figure 16. Unfortunately, the results from simulations with Prony-Series parameters were not 
complete at the time of compilation of this paper, so that this chapter is more like an outlook on future 
work. 

 

Figure 16: Constrained layer damping (CLD) concept applied to cantilever beam  
with auxiliary mechanism to increase shear strain in elastomer 

6 Summary and Conclusions 

The modelling of visco-elastic materials has been discussed, starting from rheological models like Prony-
Series and going towards frequency-dependent 3D material law. The generation of frequency-dependent 
element stiffness and damping matrices can be pursued based on this approach. It leads to an equation of 
motion similar to the classical structural damping (or hysteretic damping) approach. The essential 
difference is, however, that the loss factor is frequency-dependent and also the stiffness matrix. Numerical 
eigenvalue analysis no longer possible when frequency-dependent stiffness and damping matrices are 
involved. Instead, the direct frequency response analysis has been applied to simulate frequency responses 
from which eigenfrequencies and damping ratios have been identified using the Peak-Fit modal parameter 
estimator, [8]. 

Parameter studies demonstrated the feasibility of finite element analysis using 1D, 2D and 3D elements 
with visco-elastic material modelled with a Prony-Series. In the course of these studies, the sensitivities of 
the material parameters of the Prony-Series have been investigated. The experience gained from these 
simple applications has been used afterwards for the damping design of an I-shaped cantilever beam. The 
potential of the Free-Layer-Damping concept has been presented. Unfortunately, the increase in damping 
ratio cannot be determined precisely, because no reliable material data for elastomers was available so that 
modified material behavior of other elastomers had to be used. Nonetheless, the preliminary results 
obtained with the Constrained-Layer-Concept already indicate that more damping effectiveness can be 
achieved using this concept. 
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Finally, the selection of the right material for a given application is crucial for the success. The variation in 
material properties like storage modulus and loss modulus is immense even for a given type of polymer. 
Therefore, well-defined requirement for the targeted application can help the polymer chemists to develop 
a vulcanisate for this application with high damping effectiveness and low impact on structural weight or 
dimensions. However, temperature dependence and compatibility with substances like oil, oxygen, water, 
etc. must be considered. 
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