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A B S T R A C T

Constrained Layer Damping (CLD) is an established technology for passive vibration damping. Vibrational en
ergy is dissipated by forcing a viscoelastic material into shear strain. However, the damping performance of CLD 
treatments is highly dependent on the temperature and the design of such structures can be tailored to opera
tional conditions.

This paper presents an experimental analysis of shape-optimized CLD treatments over a temperature range 
from -20 ◦C to +20 ◦C. The samples were designed and manufactured with respect to maximum damping of the 
first bending mode at minimum and maximum temperature. Eigenfrequencies and damping ratios identified 
from a modal test in a climatic chamber are compared with those obtained from numerical simulations. The 
comparison shows a good correlation of the modal parameters. The results demonstrate that using the widths of 
virtually segmented core and face layers as design parameters is a valid approach for shape optimization of CLD 
treatments. Furthermore, it is proven that the optimal shape of a CLD treatment is temperature-dependent and 
that its damping performance varies with the ambient temperature condition.

1. Introduction

Due to their lightweight design, thin-walled structures are prone to 
vibration. A prominent example of sophisticated lightweight design is an 
aircraft fuselage. A fuselage is composed of individual components, such 
as the thin skin field and beam-like frames or stringers with thin-walled 
profiles [1]. Under operational conditions, structural vibrations lead to 
sound radiation which is perceived as disturbing noise by the passen
gers. Therefore, in order to improve the cabin comfort, attenuation 
technologies counteracting vibration problems have been developed 
and applied in the past decades. The spectrum of countermeasures for 
thin-walled structures reaches from vibration absorbers [2–4], active 
structural-acoustic control systems [5] and vibration isolators [6,7] to 
the application of meta-structures [8,9].

Another opportunity is to dissipate vibrational energy by means of 
materials with inherent viscoelastic properties, such as elastomers. The 
behavior of these materials is typically frequency- and temperature- 
dependent. Their properties are characterized in a dynamic mechani
cal analysis (DMA) and appropriate mathematical models are fitted to 
the data afterwards [10]. Prominent material models for approximating 

the frequency dependence are the generalized Maxwell model (GMM) 
known as Prony series [11], the model of fractional derivatives [12] and 
the Golla-Hughes-McTavish model [13]. In contrast, the temperature 
dependence is considered by the Williams-Landel-Ferry (WLF) equation 
[14]. The material models allow for the mathematical analysis in the 
design process of attenuation technologies.

In this context, Constrained Layer Damping (CLD) has been proven to 
be an effective damping treatment [15,16]. Fig. 1 demonstrates the basic 
principle of a CLD treatment. A viscoelastic layer exhibiting high 
damping properties is constrained between a host structure and a stiff 
face layer. In the case of bending vibrations, the core layer is forced into 
shear deformation and dissipates vibrational energy. This technology 
encompasses passive, active and hybrid treatments. In active or hybrid 
systems, the shear mechanism is supported by piezoelectric actuators 
[17]. While active treatments need to be supplied by an energy source, 
concomitant with additional mass, passive treatments work autono
mously under operational condition. This paper focusses on passive CLD 
treatments.

The fundamental theory of CLD treatments has been studied by many 
scholars [18–21]. Later on, with the establishment of the Finite Element 
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Method (FEM) as an engineering tool, research activities focused on the 
maximization of damping. Topology optimization became a popular 
method that has been applied in a multitude of studies [22–26]. In 
addition, alternative approaches have been published for enhancing 
damping of CLD treatments. For instance, Lepoittevin and Kress [27] 
determined the amount and optimal positions of cuts in the core and face 
layer. Araujo et al. [28] optimized the ply angle and thicknesses of 
laminated layers, while Xu et al. [29] optimized the size, thickness and 
position of a damping patch placed on a cylindrical structure.

Recently, we have proposed another approach for shape optimiza
tion of CLD beams [30]. Virtually dividing the structure into several 
segments and using the width of each segment as a design parameter, 
leads to an efficient damping design. Different temperatures and a 
characterized bromobutyl rubber were considered in the analyses. As a 
result, the optimal design as well as the damping performance turned 
out to be temperature-dependent. However, the previous work lacked in 
experimental evidence of the numerical results. The following paper 
addresses these gaps and provides a comparison between numerical and 
experimental results obtained by a modal test in a climatic chamber.

In this regard, the literature encompasses extensive works, consid
ering the comparison between analytically or numerically and experi
mentally determined modal parameters of CLD treatments [25,31–35], 
also including the analysis of temperature-related effects [36,37]. Larger 
deviations were reported mostly for the damping ratio (or loss factor) 
with more than 30 % (relative value) [31], whereas the accuracy of the 
eigenfrequency is better. According to [36], this effect can be traced 
back to a higher sensitivity of the damping ratio to environmental and 
numerical influences.

The content of the paper is structured as follows: Section 1 provided 
a short introduction. The fundamentals of viscoelastic damping and 
methods for the analysis of viscoelastic systems are presented in Section 
2. Section 3 presents the shape-optimized CLD samples and the basic 
setup of the experimental and numerical analyses. Finally, the results of 
the analyses are presented and discussed in Section 4. The paper ends 
with a conclusion in Section 5. Preliminary data was published in a PhD 
thesis [38] in German language and is now enhanced and rephrased in 
English.

2. Theoretical background of viscoelastic damping

This section provides a brief overview of the fundamentals of 
viscoelastic damping. The first subsection deals with the mathematical 
modeling of frequency- and temperature-dependent viscoelastic 
behavior, while the second subsection explains methods to determine 
the eigenfrequencies and damping ratios in numerical and experimental 
analyses. Part of the theory presented in this section has been published 
previously in [30]. Nevertheless, the theory is summarized for a better 
comprehension. More general and more detailed overviews of this topic 
can be found in [11,39].

2.1. Modeling of viscoelastic materials

Viscoelastic materials exhibit frequency- and temperature- 

dependent behavior. Considering harmonic steady-state excitation, the 
linear viscoelastic properties are expressed in terms of a complex 
modulus E∗

E∗(ω,T) = Eʹ(ω,T) + iEʹ́ (ω,T), (1) 

where ω is the angular frequency, T is the temperature and i is the 
imaginary unit. The storage modulus Eʹ indicates the elastic property, 
while the loss modulus Eʹ́  represents the viscous property. The key 
parameter for assessing the damping capability of a linear viscoelastic 
material is the ratio of the loss and storage moduli, referred to as the 
material loss factor tan(δ)

tan(δ(ω,T)) =
Eʹ́ (ω,T)
Eʹ(ω,T)

. (2) 

The GMM is an appropriate mechanical substitution model for 
approximating the frequency dependence of the complex modulus. In 
this case, the storage and loss moduli are defined as a Prony series 
consisting of several relaxation times τi and elastic moduli Ei obtained 
from curve fitting of measured DMA data 

Eʹ(ω) = E∞ +
∑n

i=1
Ei

ω2τ2
i

1 + ω2τ2
i
, (3) 

Eʹ́ (ω) =
∑n

i=1
Ei

ωτi

1 + ω2τ2
i
. (4) 

In Eq. (3), the long-term modulus E∞ corresponds to the elastic 
behavior under quasi-static deformation (ω→0). It is emphasized that a 
complex shear modulus G∗ is often used in the literature to describe the 
material properties. Assuming isotropy and using Poisson’s ratio ν, the 
following relationship applies 

E∗ = 2G∗(1+ ν). (5) 

Due to the chemical composition of elastomers, the mechanical 
behavior at low frequencies is similar to that at high temperatures and 
vice versa. This phenomenon, known as time-temperature super
position, enables shifting the frequency-dependent material curves and 
thus, determining the material properties at specific temperatures. For 
rheologically simple materials, a shift along the frequency axis can be 
performed by a horizontal shift factor aT, resulting from the WLF 
equation [14,40] 

log10(aT) = log10

(
fref

f

)

=
− C1⋅ΔT
C2 + ΔT

, (6) 

where the parameters C1 and C2 are fitting parameters and ΔT is the 
difference between the temperature of interest and the reference tem
peratures (ΔT = T − Tref). For instance, the loss modulus at a temper
ature T and at a frequency f is the same as the loss modulus at a reference 
temperature Tref and at a reference frequency fref = αT ⋅f . If the elas
tomer is filled with carbon black, the Payne effect [41,42] occurs, which 
is included in the time-temperature analogy by an additional vertical 
shift. The vertical shift is considered as an Arrhenius-like activation 

Fig. 1. First bending mode of a CLD beam and shear deformation of the viscoelastic core layer.
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process and the corresponding shift factor bT can be calculated from the 
apparent activation energy EA and the universal gas constant R [43] 

bT ≈ exp
(

EA

R

(
1
T

-
1

Tref

))

. (7) 

By incorporating the vertical and horizontal shift factors, the mate
rial properties can be determined for specific temperatures and 
frequencies 

Eʹ
(f ,T)→bT,Eʹ ⋅Eʹ(fref ,Tref

)

Eʹʹ
(f ,T)→bT,Eʹʹ ⋅Eʹʹ(fref ,Tref

)
.

(8) 

It should be noted that the activation energies for storage and loss 
modulus may be different. The interested reader is referred to [40] for 
more detailed information on the chemical background and the appli
cation of the shift process.

2.2. Numerical and experimental determination of modal parameters

The identification of modal parameters such as eigenfrequencies and 
damping ratios of viscoelastically damped systems is of great importance 

for the validation of structural systems. Two approaches used in this 
paper are described below: One for numerical analyses and one for 
experimental analyses.

Numerical approach
The eigenvalue problem of a system with frequency-dependent 

viscoelastic properties is of the form [44] 
[
K∗

(
λ∗r
)
− λ∗

2

r M
]
ϕ∗

r = 0, (9) 

where M denotes the mass matrix, K∗ the complex and frequency- 
dependent stiffness matrix, λ∗r the complex eigenvalue of mode r and 
ϕ∗

r the corresponding complex eigenvector. The complex nature of the 
stiffness matrix is due to the complex viscoelastic properties, being 
propagated through the FE formulation. More information on the 
composition of the complex stiffness matrix can be found in [40]. Ac
cording to [44], the eigenvalue of a viscoelastically damped system is 
calculated by 

λ∗
2

r = ω2
r (1+ iηr). (10) 

The real part contains information about the eigenfrequency ωr, 
while the damping is related to the modal loss factor ηr. The modal loss 

Fig. 2. Flowchart of the iterative eigenvalue solver, taken from [30].
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factor is the ratio of the imaginary and real part of the eigenvalue 

ηr =
Im

(
λ∗

2

r

)

Re
(

λ∗2

r

). (11) 

It is important to emphasize the difference between the modal loss 
factor and the material loss factor. Whereas the modal loss factor ηr 
quantifies the damping of a mode as a system property, the material loss 
factor tan(δ) quantifies the material damping as a material property. It 
should also be noted that for weakly damped systems, the modal loss 
factor can be converted to the damping ratio Dr by [45] 

2Dr ≈ ηr. (12) 

This relationship will be used later to compare the numerical and 
experimental results.

Solving the eigenvalue problem of Eq. (9) is not straightforward due 
to the frequency-dependent stiffness matrix. However, some suitable 
analysis methods are available and reviewed by Vasques et al. [39] and 
compared by Rouleau et al. [44]. In this paper, an iterative eigenvalue 
solver (IES) is applied, whose constitutive algorithm is based on the 
regula falsi method. The IES has been used in previous studies [30,40]. 
Fig. 2 shows a flowchart of the IES.

First, two initial frequencies are defined (I). For each of these fre
quencies, the viscoelastic material properties are determined (IIa), the 
complex stiffness matrix is generated (IIb) and the complex eigenvalue 
problem is solved (IIc). Afterwards, the corresponding eigenfrequencies 
are computed and the absolute error δr between the initial frequency and 
the eigenfrequency is calculated (IId). The results are transferred to the 
regula falsi method, where an optimized frequency is estimated (III). In 
step (IV), the previous steps (IIa) - (IId) are repeated for the optimized 
frequency. If the stop criterion (threshold ε) does not apply, the pa
rameters are changed as described for step (V). Otherwise, the eigen
value and eigenvector are found and the modal parameters can be 
calculated by Eq. (10).

Experimental approach
The experimental approach to obtain the modal parameters is to 

analyze the frequency response functions (FRFs) using appropriate 
modal identification methods. This approach is known as experimental 
modal analysis. The bandwidth of identification methods reaches from 
time domain to frequency domain-based approaches, which are sub
divided into single- and multiple degrees of freedom methods. An 
overview of existing identification methods can be found in [46,47]. In 
this paper, the Least-Squares Complex Frequency domain (LSCF) 
method is used in the context of the PolyMAX algorithm [48,49].

The method performs experimental modal analysis in three steps, 
where the first step is the most relevant in the context of this paper. In 
this step, the eigenvalues sr are identified from the FRFs. A mathematical 
representation of the FRF Hkl as rational-fraction polynomials is used in 
the Laplace domain 

Hkl(s) =

∑n

r=0
bkl,rsr

∑n

r=0
drsr

(13) 

and fitted to the measured FRFs. The subscript kl refers to the response 
degree of freedom k and to the excitation degree of freedom l. The 
polynomial coefficients br and dr are identified at first, where the co
efficients of the denominator polynomial are of particular interest. Af
terwards, the eigenvalues can be obtained from the roots of the 
denominator polynomial. The poles comprise the information about 
eigenfrequency and damping ratio 

sr = − ωrDr ± iωr

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − D2
r

√

. (14) 

The two remaining steps encompass the calculation of the residuals 

based on the determined eigenvalues as well as the identification of the 
mode shape vectors and the modal scaling constant. Since these pa
rameters are not relevant for this paper, the interested reader is referred 
to [47] for information about the theory.

3. Experimental and numerical analyses

This section introduces the shape-optimized CLD specimens and 
describes the procedure of the experimental and numerical analyses. 
The objective of the analyses is a comparison of the experimental and 
numerical eigenfrequencies and damping ratios at different 
temperatures.

3.1. Shape-optimized CLD specimens

Two shape-optimized CLD samples, shown in Fig. 3, were manu
factured based on the results of the numerical optimization performed in 
[30]. Both samples were designed for maximum damping of the first 
bending mode, the upper sample for -20 ◦C and the lower sample for 
+20 ◦C. In the following, these specimens will be indicated as Opt253 
and Opt293, respectively. The shapes consist of eight sections with 
different widths (the width of the outmost segment is zero for both 
samples) which are designed symmetric to the painted dashed lines. 
Each segment has a length of 25 mm and a width given in the figure. It 
can be seen that the shapes are almost oppositional. While most of the 
CLD material is added around the center region for Opt253, the major 
part of the CLD material is added at the outer regions for Opt293.

The base and the face layer consist of aluminum (Eʹ
Alu = 70 GPa, 

νAlu = 0.33, tanδAlu = 0.005 and ρAlu = 2660 kg/m³, where ρ is the 
density) with mean thicknesses corresponding to tbase = 8.06 mm and 
tface = 5.07 mm. The core layers of the CLD treatments were fabricated 
from a bromobutyl elastomer (BIIR) and were conglutinated by Loctite 
480 to the adjacent layers. Loctite 480 was selected because it is 
compatible with the elastomer and stiff enough to transmit the shear 
forces between the adjacent layers. The elastomer was designed, vul
canized and characterized by the Deutsches Institut für Kaut
schuktechnologie. The thicknesses of the core layers deviate from the 
numerical layout due to creeping effects during the vulcanization and 
correspond to tcore = 1.87 mm for Opt253 and tcore = 1.79 mm for 
Opt293, respectively.

The material was characterized based on DMA data. Fig. 4 shows the 
application of the time-temperature superposition of DMA data 
measured at different temperatures. It can be seen that a continuous 
master curve for 20 ◦C (a) is generated by shifting the individual DMA 
data points (b) along the frequency axis and, less pronounced, along the 
modulus axis. Not all measured temperatures are displayed in the dia
gram for the purpose of clarity. Subsequently, a Prony series was fitted 
to the master curve. Fig. 5 shows a comparison of the experimental and 
synthesized master curves of BIIR for a reference temperature of 20 ◦C. It 
can be seen that the master curve of the storage modulus is adequately 
approximated. In contrast, the synthetic curve of the loss factor shows 
larger deviations behind the peak above a frequency of 10 kHz. This 
effect can be traced back to the small number of DMA data points at low 
temperatures and high frequencies, respectively. As a result, the curve fit 
of lower frequencies is weighted more strongly at the expense of inac
curacies in the higher frequency domain. As a consequence, the loss 
factor of the material above this frequency is underestimated by the 
Prony series. The model parameters of the Prony series and WLF- and 
Arrhenius equations are listed in Tables A and B in the appendix. A 
detailed description of the DMA and the characterization is given in 
[40]. Furthermore, the density of BIIR corresponds to a value of ρBIIR =

1114 kg/m³, while the Poisson’s ratio is νBIIR = 0.499.

3.2. Experimental analysis

The experimental analysis was performed as a modal impact test in a 
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climatic chamber with a setup illustrated in Fig. 6. All specimens were 
suspended from a rigid frame. Three acceleration sensors (PCB 352C22) 
are mounted at the lower corners of each structure. In this case, the small 
number of sensors is sufficient to distinguish between bending and 
torsional modes by evaluating the imaginary part of each FRF. The 
samples were excited by an automatic modal hammer (Maul-Theet 
vImpact-61) from the backside. In addition, a temperature sensor was 
mounted at the frame to monitor the current temperature. Five tem
peratures (-20 ◦C, -10 ◦C, 0 ◦C, 10 ◦C and 20 ◦C) were chosen and sub
sequently adjusted in the climatic chamber. The temperature control 
and the opening of the climatic chamber for readjusting the sensors and 
the modal hammer caused deviations between the target and actually 
measured temperature. Therefore, an average value has been calculated 
for the temperature. Table 1 lists the target and the computed mean 

temperatures. The temperature was sampled every 10 s during the 
measurement.

Time data was acquired using the Siemens Simcenter SCADAS Mo
bile data acquisition system with a 24-bit A/D converter which was 
placed outside the chamber. The measurement time was set to 2 s per 
impact and the time signals were sampled with a sampling frequency of 
8192 Hz. Since the lowest mode was expected to appear highly damped 
above 200 Hz, a full decay of the vibrations was estimated in 2 s. 
Therefore, it was not necessary to apply exponential windowing to the 
response signal. Instead, a rectangular window was applied to the force 
signal. Signal processing was performed automatically by the Siemens 
Simcenter Testlab software. Afterwards, the PolyMAX algorithm was 
used to identify the eigenfrequencies and modal damping ratios from the 
computed and averaged FRFs. The PolyMAX algorithm is based on the 

Fig. 3. Samples Opt253 (top) and Opt293 (bottom). The dashed lines indicate the symmetry lines, numbers are displayed in mm.

Fig. 4. Composition of the master curve at 20 ◦C (a) by applying the time-temperature superposition to DMA data points measured at different temperatures (b).

Fig. 5. Comparison of experimental and synthetic master curves of (a) shear storage modulus and (b) material loss factor of BIIR at a reference temperature of 20 ◦C. 
The shaded areas indicate the relevant frequency range with respect to the identified eigenfrequencies from the modal test in Section 4.
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LSCF method referred to in Section 2.2.
Fig. 7 (a) and (b) show FRFs of Opt253 and Opt293 for all measured 

temperatures. It can be seen that the frequency of the resonance peak as 
well as its amplitude shifts with temperature. Furthermore, Fig. 7 (c) 
illustrates a comparison between measured and synthesized FRFs. The 
correlation between both FRFs is good, meaning that the modal pa
rameters identified from the curve fit of the PolyMAX algorithm are 
properly determined.

3.3. Numerical analysis

The numerical analysis is performed by applying the IES presented in 
Section 2.2 for each of the measured mean temperatures. The IES was 
programmed in Matlab R2021b with an interface to the FE-software 
MSC Nastran 2022. Nastran was used to solve the complex eigenvalue 
problem by the complex Lanczos method, shown as step (IIc) in Fig. 2. 
Both structures are discretized by 8-node CHEXA solid elements with six 
faces. The spatial displacement of this element type is calculated by 
linear shape functions, using the linear theory of elasticity. Furthermore, 
the method of reduced shear integration with bubble functions is 
selected in MSC Nastran to avoid shear locking and volumetric locking 
effects. Details about the application of CHEXA elements or about the 
theory of solid elements in general can be found in [50] and [51], 

respectively. The element resolution of the FE model is shown in Fig. 8. 
On the one hand, the resolution was chosen based on a mesh conver
gence study which showed convergence of the eigenfrequency and loss 
factor of the first bending mode. On the other hand, the high resolution 
in width direction resulted from the optimization approach in [30].

The layers are assumed to be perfectly bonded, meaning that the 
adhesive layer is not modelled and instead, elements of adjacent elas
tomer and aluminum layers share coincident nodes. Aluminum and BIIR 
are modeled as isotropic materials and the properties given in Section 
3.1 are replicated in the modelling. Furthermore, the sensors are taken 
into account by concentrated masses (CONM2-elements, each 0.5 g). 
The first bending mode of both samples is shown in Fig. 9.

4. Results

In this section, eigenfrequencies and damping ratios obtained from 
the numerical and experimental analyses are compared.

4.1. Comparison of eigenfrequencies

Fig. 10 illustrates the comparison of the experimental and numerical 
eigenfrequencies as a function of temperature. The numerical eigen
frequencies of both specimens are underestimated. An explanation can 
be the missing modeling of the adhesive layer that would additionally 
increase the bending stiffness and thus, the eigenfrequencies of the nu
merical model. Deviations between numerical and experimental data 
range from less than 1 % to more than 7 %. In general, higher deviations 
occur for Opt253. A reason could be that Opt253 is more complex to 
manufacture due to its slim shape (2 mm) which caused difficulties 
during the conglutination of the layers. However, the qualitative 

Fig. 6. Experimental setup of the impact test.

Table 1 
Target and measured mean temperatures.

Target temperature (◦C) -20 -10 0 10 20

Measured temperature (◦C) -19.8 -10.5 0.5 9.2 18.7

Fig. 7. Measured FRFs (sensor 1) of specimens (a) Opt253 and (b) Opt293 for different temperatures as well as (c) a comparison between measured and synthesized 
FRFs of Opt293 at 18.7 ◦C.
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temperature-dependent behavior is validated. The decrease of eigen
frequencies is caused by the softening of BIIR with increasing temper
ature and is in accordance with the shift of the resonance peak along the 
frequency axis from Fig. 7 (a).

4.2. Comparison of damping ratios

A comparison of the damping ratios is shown in Fig. 11. Apparently, 
the temperature-dependent trend of the damping ratios could be 
numerically predicted and fits to the change of amplitudes from Fig. 7
(b). This result validates the design optimization performed in [30] and 
demonstrates that variable widths of CLD layers are appropriate design 
parameters for damping optimization. Depending on the shape, the 
damping performance of the CLD treatments is superior at high or low 
temperature. While the shape of Opt253 provides high damping at low 
temperatures and low damping at high temperatures, the opposite 

applies to Opt293. However, deviations between experimental and nu
merical damping ratios are clearly visible. In relative values, the de
viations range from 4.4 to 23.0 %. The reasons for the deviations are 
diverse. On the one hand, the synthesized material model does not 
perfectly match the loss factor data as shown in Fig. 5, leading to smaller 
numerical damping ratios, in particular at low temperatures. On the 
other hand, the damping ratios are linked to the eigenfrequencies, since 
the loss factor of the material is dependent on the eigenfrequency. 
Therefore, the difference between damping ratios cannot be small, if the 
deviation between eigenfrequencies is large. Furthermore, the adhesive 
layer has not been modeled and its influence on the damping perfor
mance is not considered.

4.3. Relation between damping ratio and material loss factor

An interesting fact observed in Fig. 11 is that the maximum damping 

Fig. 8. Element resolution of the FE model exemplified by sample Opt293.

Fig. 9. First bending mode of samples (a) Opt253 and (b) Opt293.

Fig. 10. Numerical and experimental eigenfrequencies (left) and relative eigenfrequency deviation (right) of the first bending mode.
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ratios are not obtained at the associated design temperatures of both 
samples. For instance, maximum damping of Opt293 is experimentally 
identified at 9.2 ◦C, although it was designed for +20 ◦C. Even at 0.5 ◦C 
the identified damping ratio is higher than for the design temperature. In 
order to provide an explanation for that, Fig. 12 shows the relation 
between damping ratios and material loss factors for both samples. The 
loss factors were calculated by evaluating the Prony series with the 
measured temperatures and identified eigenfrequencies of each 
structure.

It can be seen in both diagrams that the maximum loss factor occurs 
at 0.5 ◦C. Therefore, the damping ratios of both structures are high at 
this temperature. However, it is also clear that a high loss factor cannot 
be the sole cause for high damping. The loss factors at minimum and 
maximum temperature are approximately equal. Nevertheless, the 
damping ratios differ significantly. The reason can be traced back to the 
shear mechanism in the core layer, which is activated either better or 
worse by the respective design at different temperatures.

4.4. Discussion

The comparison between numerical and experimental modal pa
rameters over a wide temperature range show a good correlation and 
deviations of eigenfrequencies and damping ratios are comparable to 
those reported in the literature. The results validate the optimization 
approach proposed in [30] to use variable widths of the core and face 
layer as design parameters for damping optimization. It shows that the 
CLD design can be tailored regarding high damping at a certain design 
temperature.

However, it is important to emphasize that the optimal design is not 
directly dependent on the temperature, but on the material properties of 

the elastomer. Since the material properties vary with temperature, the 
temperature has just an indirect impact on the design. For instance, 
another elastomeric material with different sensitivity to temperature 
would yield different optimal CLD shapes. Therefore, general guidelines 
towards the optimal shape of CLD treatments are misleading, since the 
optimal design depends on the operational conditions and material 
properties.

The damping performance is influenced by the optimized shape in 
two ways. Firstly, the eigenfrequencies are shifted, changing the loss 
factor of the elastomer and thus the vibration damping. Secondly, the 
shear mechanism in the core layer, activating the dissipative properties 
of the elastomer, is also affected. From the analyses it turned out that 
both effects need to be considered. Ideally, the eigenfrequency is shifted 
to a higher loss factor and the elastomeric damping is activated more 
efficient due to the improved shear mechanism. In opposite, high vi
bration damping cannot be expected if poor material damping proper
ties are activated or if high material damping properties are not 
activated.

5. Conclusion

This paper addressed the experimental analysis of shaped-optimized 
CLD treatments under different ambient temperatures. The results of a 
modal impact test performed in a climatic chamber were compared to 
results from a numerical analysis. The comparison showed good agree
ment. Therefore, the following conclusions can be drawn: 

I. Segmenting the core and face layer along the longitudinal axis 
and using the width of each segment as design parameters is a 
valid approach for damping optimization. The purpose of the 

Fig. 11. Numerical and experimental damping ratios (left) and absolute damping ratio deviation (right) of the first bending mode.

Fig. 12. Relation between damping ratios and material loss factor for (a) Opt253 and (b) Opt293.
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shape-optimization is to improve the shear mechanism in the core 
layer in order to enhance the activation of the elastomeric 
damping properties.

II. The optimal shape of a CLD treatment depends on the design 
temperature. However, the temperature has just an indirect 
impact on the design, since the direct influence comes from the 
elastomeric material with its temperature-dependent viscoelastic 
properties.

III. A general guideline for a shape-optimized CLD design cannot be 
derived. The bandwidth of parameters influencing the design 
(temperature, material properties, geometry, mode shape, …) is 
too broad in order to give a well-founded generalized recom
mendation for the optimal design. Instead, the design should be 
determined individually by considering all operational 
conditions.

In future work, the reasons for the deviations of eigenfrequencies and 
damping ratios will be further analyzed, also considering the modelling 
and influence of the adhesive layer.
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Martin Gröhlich: Writing – original draft, Validation, Software, 
Methodology, Formal analysis, Conceptualization. Marc Böswald: 
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Appendix

Table A 
Model parameters of the Prony series of BIIR.

Index i

Parameter 1 2 3 4 5 6 7

τi (s) 1.000e+04 3.162e+03 1.000e+03 3.162e+02 1.000e+02 3.162e+01 1.000e+01
Gi (Pa) 4.045e+04 4.276e+04 5.985e+04 7.428e+04 5.995e+04 7.379e+04 7.967e+04
​ 8 9 10 11 12 13 14
τi (s) 3.162e+00 1.000e+00 3.162e-01 1.000e-01 3.162e-02 1.000e-02 3.162e-03
Gi (Pa) 8.387e+04 1.049e+05 1.250e+05 1.614e+05 2.278e+05 3.341e+05 5.495e+05
​ 15 16 17 18 19 20 21
τi (s) 1.000e-03 3.162e-04 1.000e-04 3.162e-05 1.000e-05 3.162e-06 1.000e-06
Gi (Pa) 1.002e+06 1.962e+06 3.824e+06 7.580e+06 1.526e+07 2.651e+07 4.224e+07
​ 22 23 24 25 26 27 ∞
τi (s) 3.162e-07 1.000e-07 3.162e-08 1.000e-08 3.162e-09 1.000e-09 -
Gi (Pa) 5.911e+07 6.895e+07 9.909e+07 1.610e+08 1.164e+02 2.538e-01 7.473e+05

Table B 
WLF and Arrhenius parameters of BIIR.

C1 (-) C2 (K) Tref (K) EA,Eʹ (J/mol) EA,Eʹ́  (J/mol)

7.26 166.25 293.15 2010 2010

Data availability

Data will be made available on request.
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