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Abstract

Vibrations are experienced as unwanted dynamic motions and the industry takes a lot of care to reduce these
motions to improve comfort and to increase vehicle component durability. The properties of rubber, being
generally soft while showing large inherent damping, makes the material a perfect choice to use in vibra-
tion isolators. To minimize vibrations the transfer path from vibrational source to the driver almost always
includes a highly damped material like rubber. With the current trend of electrification in the automotive
industry, higher order vibrations are becoming more pronounced. Although the produced sound is not of a
high octave with respect to traditional combustion engines, they are experienced as unpleasant. Considering
a large frequency range, the dynamic characterization of a rubber object is proven to be a difficult topic. In
the search of improved rubber characterization new methods arise.

The goal of this research is to provide a new approach for extracting material properties from the experi-
mental impact method. Literature research is done on the rubber specific behaviour and how this affects
the modelling approach. In the research itself both numerical and experimental characterization is used.
Through impact testing the receptance of the rubber object is measured and by applying inverse substruc-
turing the dynamic stiffness is obtained. The Finite Element model is used to directly obtain the dynamic
stiffness. The numerical and experimental results are made comparable by applying the virtual point trans-
formation method. With the finite element material model being the optimization variable, the numerical
dynamic stiffness is optimized to match the experimental results. The rubber properties are obtained from
the optimized material model.

The presented inverse approach makes it possible to use the impact method for characterizing rubber ma-
terial properties. It therefore broadens the abilities of impact testing used for rubber characterization. With
the new method the drivingpoint properties can be predicted which do not depend on complex decoupling
methods. The obtained material properties are material, but not geometry related. The findings can be used
for different geometries of the same rubber. The new approach has the ability to significantly reduce ex-
perimental effort because the material properties can be extracted from one single loadcase, whereas the
experimental should excite all loadcases to fully characterize the dynamic stiffness.
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Introduction

In automotive industry, costumers are very demanding on the product they buy. The demand on comfort
level rises and vibrations are a key feature which effects comfort. Vibrations are normally experienced as
unwanted dynamic motions and the industry takes a lot of care to reduce these motions to improve comfort
and to increase vehicle component durability. Humans experiencing vibrations through body movement and
noise.

Energy of the vibration source needs to be reflected or absorbed. This can be done by significantly changing
the impedance or inducing additional damping respectively. Aforementioned can be achieved by introducing
a much softer component compared to the surrounding structure or an increase in mass. Increasing the
mass will come with a penalty in the form of increased fuel consumption. In practice therefore changing
the impedance is done by introducing a vibration isolator. The properties of rubber, being generally soft
while showing large inherent damping, makes the material a perfect choice for use in vibration isolators.
To minimize vibrations the transfer path from vibrational source to driver almost always includes a highly
damped material like rubber.

With the current trend of electrification in the automotive industry, higher order vibrations are becoming
more pronounced. Although the sound level is not of a high octave level in comparison to traditional com-
bustion engines, they are experienced as striking and unpleasant [22] [22]. The focus on a larger frequency
range adds complexity to the analysis. The nonlinear and highly damped behaviour of rubber becomes even
more pronounced which makes it very challenging to characterize. The goal is the master thesis is to predict
the dynamic behaviour using a finite element (FE) model. If the rubber behaviour can be modelled correctly
this result can be extrapolated, whereas experimental characterizing of one mount limits the use of results.
The quality of vibration noise analysis can be significantly improved when the complex rubber behaviour can
be modelled within a FE program.

Knowledge is needed to reach the goal of this thesis. The goal of this literature review is to determine how
and which rubber specific behaviour must be included in a numerical model to properly predict the dynamic
behaviour of a rubber engine mount under steady-state conditions?

Sub-questions answered in this literature review are;

¢ What behaviour is rubber specific?

¢ Which mechanisms inside the material result in the rubber specific behaviour?

* Which external factors trigger these rubber specific material behaviour?

e What behaviour is relevant for this application?

¢ How can the relevant behavioural effects be represented within a material model?

¢ What experiments provide sufficient information?

¢ How is the dynamic behaviour of a certain geometry effected by the choice of material model?
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1.1. Fundamentals of Rubber

Rubber is nowadays extensively applied in industry. The material was first discovered by ancient native tribes
in South and Central America. Columbus brought the material to Europe. From the 1930s the implementa-
tion abilities increases due to development in bonding technologies between rubber and metal. Elastomers
are used because of their excellent sealing and frictional or damping characteristics. On the last-mentioned
strength lies the focus for this literature review. The name rubber is often used interchangeable with the term
elastomer within the literature. The word rubber is a collective term for vulcanized elastomers, which means
that rubber is an elastic polymer (elastomer).

1.1.1. Production process, structure and application

Rubber can be divided into two main categories, natural (NR) and synthetic. To create natural rubber, the
sap of the so called "rubber trees" is solidified into thin sheets and is compressed into bales which is the raw
material of NR. Rubber is built up by long molecule chains which forms a polymer. The raw material of NR,
latex, has no links between the molecule chains which makes it soft and plastic.

Charles Goodyear accidentally found out how he could make natural rubber useful for industry. After adding
sulphur to the latex then heating up to a certain temperature eventually seems the crucial factor. This process
is called vulcanization. During vulcanization the mixture is heated up to 170 ° C, at which the cross-links
(sulphur) connecting the molecular chains (Gil and Jesus, 2006). After the vulcanization process it becomes a
soft and highly elastic solid. The final properties of the vulcanized rubber depend mainly of the choice of the
rubber, the mixture composition, the production process, and the product design [36].

Synthetic rubber is a manufactured elastomer, made of petroleum products by polymerizing different monomers.
Biggest advantage of synthetic elastomers is the capability of fine-tuning the material properties. In compar-
ison to NR, synthetic rubber can better withstand high temperatures, oils and abrasion, but lack in fatigue
resistance [53]. This factor is crucial for the use in vibration damping and therefor NR is the first choice in
many automotive applications compared to synthetic rubber.

1.1.2. Fillers

In the search of improving NR properties, fillers are now widely used. The filler type that is often used is car-
bon black (CB). The particles of the CB filler are varying between 20-50 um in size which form agglomerates
within the rubber material. In practice, rubber is often reinforced with filler that has a volume value of 30%.
The filler and the elastomer are connected via cross-links and two separate phases emerge in the vulcanized
rubber. The rubber phase forms a continuous network, and the filler material lumps inside the rubber net-
work [49]. This makes it a two-phase material made from constituents with completely different mechanical
properties [4].

The addition of filler content effects the mechanical properties of the elastomer. Literature shows that the
filler has effect on hardness and damping [14, 26], stiffness [15] and temperature [14] or frequency [53] de-
pendence. Nonlinearity becomes more pronounced at filled elastomers which makes them more difficult to
characterize. Bokobza [9] shows hyperelastic behaviour for different CB filler contents.

When a more precise control over stiffness is required, the particle size is increased and number is lowered.
More on the effects of filler can be found in [14], [26], [30] , [36] and [15]. The effect of filler on rubber be-
haviour is further discussed in the individual upcoming sections.



Rubber Behaviour

This section describes theory about the rubber specific behaviour. Both (quasi-)static and dynamic relevant
behaviour is discussed. It captures the mechanistic explanation, how the behaviour is triggered and the rele-
vance in terms to this application.

2.1. Incompressible

The bulk modulus B is a material constant which defines its resistance to a change in volume when subjected
to as compressed loading condition. Rubber is nearly incompressible, due to the fact that the bulk modulus
is usually 1000-2000 times higher than the shear modulus [6]. Equation 2.1 shows the relation between the
Poisson’s ratio and shear and bulk modulus. It shows that the Poisson’s ratio is close to one-half, typically
0.499 [25]. At small strains and therefor limited pressure, the Poisson’s ratio can assumed to be constant.
When strain values become larger, the Poisson’s ratio becomes a function of the strain itself. The incom-
pressibility of CB-filled rubber has been confirmed by different researchers [4] (Bischoff, 2001; Reichert, 1987;
Ogden, 1976; Penn, 1970; MacKnight, 1966). Where (Reichert, 1987) shows a limited volume variation of 1%
atlarge strain 1=4 which confirms the assumption of incompressibility for this application where only a small
part of such strain is reached. With increasing enclosure of the rubber geometry, the influence of incompress-
ibility becomes more pronounced [50]. A quick estimation learns us that the enclosed surface of the engine
mount is roughly %. It can be assumed that the effect of incompressibility is not at its largest, but cannot be
neglected.

3B/G-2 1

Iim v=——=- (2.1)
B/G—o00 6B/G+2 2

When incompressibility is assumed, the following relation for the principle stretches holds, which will be
used later:

MAz2A3 =1 2.2)

2.2. Hyperelastic

This section captures the theory of the hyperelastic phenomenon and covers the mechanistic explanation.
In this section it must be assumed that the strain is applied (quasi-)static, such that dissipating effects are
neglected [15]. This means that the loading process is fully reversible, such that loading and unloading follows
the same path and can be described be a single line.

If it comes down to elastic behaviour, rubber behaves significantly different in comparison to metals. Where
most metal can be described by Hooke’s law within the elastic region, rubber cannot. Rubber has the ability
of deforming largely and within this region the stress strain relation is nonlinear. The behaviour is referred
to as hyperelastic behaviour and is represented by a s-shaped curve shown in Figure 2.1. Figure 2.1 also
shows the hyperelastic behaviour of an elastomer in comparison to the elastic behaviour often assumed for
metals.
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Figure 2.1: Linear Elastic versus Hyperelastic behaviour

The upturn of the S-shaped curve represent a dramatic increase of modulus. At a certain point, the poly-
mer chains will be stretched to the maximum point that the covalent cross links will allow and this cause
a dramatic increase in the elastic modulus of the material [34]. Another aspect in the stress-strain relation
of elastomer is the significant difference between compression and tension behaviour. This is a result of the
high ratio between the bulk and shear modulus, which result in the incompressible behaviour. It causes larger
stress in compression compared to tension at the same absolute strain value.

The stiffness is effected by changing the filler content. Ciambella [15] shows the results of the work of Yeoh
& Flemming (1997). It is shown that the initial stiffness increases when filler concentration is increased. The
initial stiffness is the tangent stiffness in the unloaded configuration. It is therefor expected that when dealing
with a highly filled rubber, the S-shaped curve in tension will be tilted in the counter clockwise direction in
comparison to a unfilled one. This is also confirmed by the work of Bokobza [9] as shown in Figure 2.2.

NR

4 phr CB
o unfilled
NR

Nominal stress (MPa)

0 100 200 300 400 500 600 700
Strain (%)

Figure 2.2: Filler effect on Hyperelasticity [9]
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Wang et al. [72] researched the effect of the filler network on the dynamic modulus and its hysteresis during
the dynamic straining. Results show that the filler network can significantly increase the effective volume of
the filler due to the rubber trapped in the agglomerates, leading to high elastic modulus [36].

The S-shaped curve is for most NR observed within a range of multiple 100% of deformation. Because a
mount is limited in its motion, such a range is not triggered during this research and it is therefor expected
that only a limited section of the stress-strain curve is triggered. This can lead to some simplification in term
of material models which will be discussed in section 3.1.

2.3. Viscoelastic

Up to this section it was assumed that the stress-strain relation can be represented by a single line. For a
dynamic analysis this is no longer valid. Rubber materials behave in a viscoelastic manner under dynamic
straining. As its name suggests viscoelastic material exhibits both viscous liquid and elastic solid behaviour.
Rubber can exhibit all intermediate range of properties between an elastic solid and a viscous liquid. The
point at which it acts in between a solid and a liquid is determined by the frequency. Figure 3.1 shows a
comparison between viscoelastic behaviour and individual solid and liquid behaviour described by Hooke
and Newton respectively. The figure shows the stress reaction to a dynamically applied strain. A linear solid
stress reaction is instantaneously whereas a fluid has a 90 degree phase lag. The phase lag of a viscoelastic
material such as rubber is determined by the loss angle and varies with the frequency of the applied strain.

A:Hookean

)

A . 4
() pe——————

Strain Y

(

stress o
B:Viscoelastic

3 EO’

C:Newtonian
\>/_§>V D o
T

T Time —

)

[]

Figure 2.3: Viscoelastic vs. separate viscous and elastic behaviour [45]

2.3.1. Complex Moduli

Linear viscoelastic material behaviour is often characterized in terms of a complex modulus [50]. The com-
plex modulus is used interchangeable with the term dynamic modulus and can be seen as a frequency related
characterization of viscoelastic materials. The modulus of interest depends on the expected mode of defor-
mation. Throughout literature complex values are used to define bulk, elastic and shear modulus.

B=B'+iB" (2.3)
E=E +iE" (2.4)
G=G +iG" (2.5)

These moduli are used to describe material behaviour under compression, elastic and shear deformation
modes respectively. The complex modulus consists of a real part which is referred to as the storage mod-
ulus and is seen as the stiffness. The imaginary part represents the loss modulus and is seen as damping.
They represent the capability of storing or dissipating energy respectively. The complex modulus can also be
expressed in terms of a absolute value and phase angle.
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Besides the complex moduli previously mentioned which relate stress to strain, the dynamic stiffness is a
modulus often used to describe the viscoelastic behaviour of rubber mounts. The dynamic stiffness relates
force to displacement and dependent on both geometry and material properties.

K=K +iK" (2.6)

The dynamic stiffness is a useful measure for experimental characterization of complex geometries. For mod-
elling purpose the interest lies on linking stress to strain. The next section explains bulk, tensile, shear mod-
ulus and dynamic stiffness respectively.

The dynamic stiffness of an elastomer that is exposed to a sinusoidal displacement x; (¢) with the correspond-
ing output force fy(t) can be described as in [3]:

F*
K*=2 =K'+ jK"
i 2.7)

F F
= —Ocos6+j—osin5
X; Xi

The displa_cement and the output force, respectively, are given by x;(f) = X; - elot, foH) =Fy- el @) 4nq
Fjy = Fy-e/*'. X; is the displacement amplitude, F; is the force amplitude and § is the phase angle between

the input displacement and the output force, and w is the input frequency. The dynamic stiffness K is the
magnitude of K*

Kq=IK"|= \/(K’)2+(K”)Z=% (2.8)

i

The loss factor § is used for determining the damping or the hysteresis of the engine mount. It is defined as

B=tand = ra (2.9)

Bulk modulus
The bulk modulus is a parameter used to describe compressibility and is complementary to shear and tensile
moduli. Of this three moduli, the bulk modulus is the least researched due to the experimental complex-
ity [13]. For an isotropic solid, standard elasticity theory can relate bulk modulus directly to the tensile and
shear moduli.

_E 1
" 311-2v] BG-E)

B (2.10)

Because the Poisson’s ratio of rubber is near 0.5, the relation fails as 1 — 2v goes to zero. Minor measurement
errors of tensile or shear modulus can result in a large error for the calculated bulk modulus. The bulk mod-
ulus can therefor not be calculated with results from tensile and shear modulus. Burns and Dubbleday [13]
researched the bulk modulus of elastomers and found that the the bulk modulus shows little dependence
upon chemical composition of the elastomer. Both storage and loss bulk modulus differs from tensile and
shear behaviour which are varying widely with chemical composition. Because the precise composition is
unknown, this result makes it reasonable to take a general value for the bulk modulus. Storage bulk modu-
lus B of around 2 GPa is found for NR elastomer type, which is a value also stated by Sandell [59]. Losses
are found around 1 or 2% of the average storage bulk modulus B’. The losses for bulk therefor also show
significant difference from that at tensile or shear deformation.

Due to incompressible assumption, it can be assumed that dilatation and deviatoric responses can be de-
coupled. The dilatation response is the response to pressure in all three direction. Kari [32] states that elastic
behaviour is present at dilatation and viscoelastic for deviation which is also stated in the work of Burns and
Dubbleday [13] which shows that the storage bulk modulus of NR has minor frequency dependence. The fact
that the bulk modulus shows no viscoelastic behaviour result is simplifications for the viscoelastic material
model later discussed in section 3.2.
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Elastic and shear modulus

The elastic and shear moduli are used to describe the response to elongation and shear deformation respec-
tively. The elastic modulus is proportionally to the shear modulus by E = 3G. For a filled rubber the factor
can become up to 4 [12]. For a reinforced rubber, shear deformation shows less strain dependence than de-
formation in tension or compression [59]. It can be assumed that the change in behaviour as a function of
frequency is equal between the elastic and shear modulus. The expected effect of frequency on the elastic
and shear modulus is shown in Figure 2.5 from the work of Héfer and Lion [29]. The general behaviour of
rubber within a large audible frequency range is shown in Figure 2.4

Glassy Region

Rubber Region

Modulus [N/m?]

S - % Transition Region 3

i " | L | " I L I L i s I
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Figure 2.4: Absolute modulus trend-line [16]
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Figure 2.5: Effect of frequency and amplitude on the elastic modulus[29]

2.3.2. Dynamic Stiffness

In the search of experimentally characterizing the viscoelastic behaviour of complex geometry the dynamic
stiffness shows to be a good measure. It differs from the other moduli in the fact that the stiffness describes
a force displacement relation. Multiple research like Garcia Tarrago et al. [24], Laka [36] and Noll et al. [47] is
focused on the dynamic stiffness which is geometry and material related. The dynamic stiffness is strongly
dependent on the excited frequency and holds both stiffness, damping and inertia properties.

Garcia Téarrago et al. [24] researched the dynamic stiffness of a CB filled rubber bushing in both axial and
radial(torsion) direction. It presents a simple engineering design formula including frequency and dynamic
strain amplitude dependence. Within a limited frequency range it is able to represent the dynamic stiffness,
for a hollow cylindrical bushing. The effect that amplitude and frequency has on the dynamic stiffness shows
comparison to the effect it has on shear modulus. This comparison may be an result of the type of loading
that is applied during testing.

Richards and Singh [56] found that within a limited frequency range there is a relation between the hardness
and dynamic-to-static stiffness ratio. It notes however that a complex geometry can result in a significantly
deviation in this trend. It seems reasonable to assume that an engine mount is a complex geometry and
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therefor this relation is not a good measure for the dynamic stiffness.

Sjoberg [60] researched the dynamic stiffness for a blocked force and freely oscillating motion. The sample
was a simple cylinder of medium CB filled NR. The effect of dynamic strain amplitude on the dynamic stiff-
ness is researched. The magnitude starts decaying towards an asymptotically minimum at large strain. At
the point where the decaying of the magnitude starts flattening out, the loss angle shows an optimum. This
effect is known as the Payne effect and is also observed by (Jrad,2013) [31]. The author advised to include
wave propagation and temperature effect to improve dynamic stiffness prediction. If the designed model is
in need of further improvement, the wave propagation is an effect at which will be focused.

Jrad et al. [31] determines the dynamic stiffness trough harmonic dynamic tests (DMA). It experimentally
researched the effects that dynamic strain amplitude, preload and frequency has on the dynamic stiffness.
Increasing frequency raises both magnitude and phase within the researched frequency range. Results show
that the dynamic strain amplitude has significant effect on the dynamic stiffness magnitude. This phe-
nomenon is referred to as the Payne effect. Preload increases the magnitude but has no effect on phase
angle. The sample shows softening behaviour with increasing amplitude as well as hardening behaviour with
increasing preloads. The softening effect is also presented by Garcia Téarrago et al. [24].

The results of Lee et al. [38] show that for different prestrain values the dynamic-to-static stiffness ratio is
constant which implies that the effect of prestrain can be evaluated only on the static stiffness and from there
on the dynamic stiffness can be predicted. This technique limits the experimental effort. Results show that
the error in the dynamic stiffness prediction increases when the component is loaded in shear.

In summary, Garcia Tarrago et al. [24] presents a simple engineering design formula for a cylindrical bushing.
An engine mount is not perfect cylindrical, however it can give a quick first estimation. A relation between
hardness and dynamic-to-static stiffness ratio presented by Richards and Singh [56] cannot be assumed due
to a complex geometry. If the developed FE model needs improvement, wave propagation is an effect which
needs to be considered to take into account as suggested by Sjoberg [60]. Jrad et al. [31] gives a good indication
for the expected behaviour under influence of frequency, prestrain and dynamic strain amplitude. In terms of
experimental characterization of the preload effect, Lee et al. [38] found that the dynamic-to-static stiffness
ratio is constant for different levels of prestrain. If the effect of preload is needed to be considered this relation
limits experimental effort significantly.

2.3.3. Energy Dissipation

The (quasi-)static material parameters that describe hyperelasticity are used to find long term solutions. In
order to determine a frequency dependent solution, the damping of a material plays a significant roll. Damp-
ingis included in the viscoelastic material properties. Yu et al. [75] explains that rubber characteristics for use
in an engine mount is always a compromise. Lighter damping is desirable for a low transmissibility at high
frequencies and high damping is required to minimize engine movement and absorb engine shake. Lower
frequency often lead to larger amplitude of excitation whereas higher frequencies lead to smaller vibration
amplitude. In engine mount related research therefor the focus has been on finding and manipulating fre-
quency dependent behaviour.

Throughout literature different terminology is used such as damping, hysteresis, loss angle, loss factor and
loss modulus. They all refer to one physical phenomenon which is an energy loss due to dissipation within
the material. Damping is a collective term used when talking about energy dissipation, but is not a measure
of the phenomenon. Different measures for damping are given by;

loss modulus =E" (2.11)

loss angle = (2.12)
EH

loss factor =tand = — (2.13)
El

Laka [36] presents relations between all of these different terminology. Again all forms of damping are de-
pendent on dynamic strain amplitude [24], frequency [24, 74] and temperature. The degree of dependence is
determined by the composition of the material.

When rubber is subjected to a sinusoidal varying strain, the stress will also react in a sinusoidal way, assuming
linear viscoelastic behaviour. In rubber there is a time delay in the stress reaction to the excited strain. This
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time delay is a consequence of the present damping and can be represented by a phase shift/angle as can be
seen in Figure 2.6.

| o=g;sin(wi+8)

------- €= ggsinwt

Figure 2.6: Phase shift in viscoelastic reactive behaviour of rubber(36]

Instead of plotting results to time, the damping can be represented by a stress-strain plot as shown in Fig-
ure 2.7a. For a linear viscoelastic material the hysteresis is presented as a perfect ellipse. The ellipse is asso-
ciated with the dissipated energy U, during one loading cycle and can be calculated with Equation 2.14. The
surface of the ellipse represent the energy the sample can hold. Integrating over one quarter of the ellipse
gives the maximum stored elastic energy W, which can be seen from Equation 2.16.

U, =n0g€psind (2.14)
2
WEG 1y 27
=_9pr=—
Ue 2 w (2.15)
=nE"€}
1
W,=-E'¢
? (2.16)
= 50050 coso

In practice elastomers behave nonlinear and therefor the hysteresis is not a perfectly ellipse. Osterlsf [53],
Dorfmann and Ogden [21] and Sandell [59] show that for CB filled elastomers the hysteresis does not show a
perfect elliptical shape. This can be explained by the fact that a perfect ellipse represents a constant modulus
with damping. A perfect ellipse represents a linear viscoelastic material and if a nonlinear viscoelastic ma-
terial such as a highly filled NR is considered, the dynamic strain amplitude effect is taken into account. In
such a case both storage and damping modulus are not constant. Equation 2.16 shows the relation between
stored energy and the storage modulus. More theory about the hysteresis in elastomers can be found in the
work of Moore and Geyer [43].

For viscoelastic materials, the hysteresis is attributed the phase angle § as d = sind.

d= Ue

= (2.17)
TTOog€EQ

Luo et al. [40] derived an equation to calculate the hysteresis loss as function of strain amplitude and fre-
quency. Within the limited frequency range researched, both test result and predictions of the hysteresis
shows limited dependence on the frequency. The hysteresis loss shows significant dependence on the dy-
namic strain amplitude and also filler content. Chazeau et al. [14] concluded that an unfilled elastomer ex-
hibit linear viscoelastic behaviour for shear strain excitation up to 20%, while results for CB filled elastomer
shows nonlinear viscoelastic behaviour at shear strain as low as 0.5%. The deviation of the hysteresis in un-
filled rubber is often quite small and can be neglected. The filler network has the property that it is not stable
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Figure 2.7: Elastic modulus representation

and breaks up into smaller units when increasing mechanical strain [30]. When subjected to cyclic straining,
a stable filler network can reduce the hysteresis of the filled rubber, where the breakdown and reformation of
the filler network would cause an additional energy dissipation resulting in the higher hysteresis.

The straight line in Figure 2.7a represents the magnitude of the complex modulus Eg,, also shown by the
phasor diagram as E* in Figure 2.7b. The imaginary part of the complex modulus, in whatever form, represent
the loss modulus. If literature talks about the complex modulus, than loss angle, loss factor and loss modulus
are all measures to describe material damping. The complex modulus is defined by Equation 2.18.

oo
E* =260 _ ' 4 {E" (2.18)
€0

1

tand = 7 (2.19)

In summary there are multiple measures of damping in elastomers. Depending on the interest of the re-
searcher different terminology is used. The time plots are useful when interested in stress reactions over
a certain time period. Because the focus lies on frequency related results the time plot is not useful. The
stress-strain plot is a intuitive way of representing damping and can also show amplitude dependence. The
plot however lacks the ability to represent the dependence on frequency because the plot becomes occupied
with numerous different data samples. In this research the complex moduli is the optimal method to present
damping for example as function of frequency or amplitude.

2.4. Stiffness effects

In this section different phenomena are reviewed that are known to affect the stiffness of rubber. The phe-
nomena are:

¢ Prestrain,
¢ Payne and
e Mullins effect

Two well-known amplitude effects occurring in filled vulcanized rubber material are the Mullin’s and the
Payne effect. This section goes into further detail on these two softening phenomena and a conclusion is
drawn in terms of relevance for research. The Payne effect is triggered by the dynamic strain amplitude
whereas the Mullins’ effect is related to the deformation history.

2.4.1. Prestrain effect

A certain level of prestrain is present at all engine mounts. During the manufacturing process the rubber
geometry is often compressed inside the outer metal shell, which introduces the first prestrain. A second
source of prestrain is the mounted vibration source which is often a significant weight. This induces a second
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deformation. In this research the term prestrain is used as a collective term for more specific terms like
precompression and pretension. The first prestrain will be a compression, whereas the second can result in
tension, compression or strain deformation. This will dependent on the orientation of the mount relative to
the loading direction. In this section a selection of experimental results from other researchers are reviewed.
The results are being analyzed with a focus on the level of prestrain, filler content and frequency range. This
will results in an expectation sketch for the effect of prestrain.

For this research, the practical situation can be described as a relatively large initial deformation superim-

posed with small oscillatory displacement. Research of (Kim, 2004) [35], (Wollscheid, 2013) [74] and (Suphadon,2010) [63]
is focused on this type of loading conditions. Research done by (Kim, 2004) [35], (Wollscheid, 2013) [74],
(Suphadon,2010) [63], (Lee,2001) [37] and (Jrad,2013) [31] experimentally proofs that the complex moduli

shows dependence on the prestrain level. This section clarifies the experimental results from the aforemen-

tioned research, which will result in assumptions and used for this research.

Lee and Kim [37] researched the effect of precompression for a 46% CB filled NR. It used an shape-factor to
compensate for the effect of deformation. An increase is shown for both moduli at all levels of pretension as
a function of frequency. The loss modulus increases in a somewhat linear manner and the storage modulus
increases significantly at low frequencies after decaying towards higher frequencies. The results imply that
the storage modulus reaches a asymptotically value at high frequency. The normalized storage modulus from
(Lee,2001) [37] for a NR with 46% CB compares well with the results found by (Kim,2004) [35] for the 50% CB
filled NR.

The focus of previous research like that of (Kim, 2004) [35] lies on finding the effect of precompression on the
complex elastic modulus. Figure 2.8 shows the for zero prestrain, normalized storage modulus for NR with
different levels of CB filler. When dealing with a unfilled rubber, the dependence on precompression can be
assumed to behave in a linear manner. With increasing filler content, the dependence becomes more non-
linear. The author draws the careful conclusion that the effect prestrain has on the complex tensile modulus
is somewhat proportional to the filler content. In this paper it is suggested that the separability assumption
is only applicable to unfilled rubber. For filled rubber, the static precompression has an effect on its time
dependent properties and therefor should be taken into account.
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Figure 2.8: Normalized effect of prestrain for different levels of filler [35]

The work of (Suphadon,2009 and 2010) [62, 63] researched the effect of static extension on the shear loss
modulus when superimposed with small torsional oscillations. It shows that for unfilled NR the static pre-
strain has no significant effect on the loss modulus up to a strain of 200%. It is concluded that up to this
strain level, the effect is a consequence of geometric changing of the sample and not of the applied strain. It
is concluded that the viscoelastic properties are not effect due to prestrain. The results [62] are confirmed in
its work of 2010 [63].
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Wollscheid and Lion [74] researched also the prestrain effect on complex tensile modulus, but obtained more
broader results than that of Kim et al. [35]. A larger range of both prestrain and frequency is investigated
for one CB filled rubber. Results show the effect of predeformation (A ranging from 0.8 to 1.4) on the com-
plex modulus up to a frequency of 500 kHz. Both storage and loss modulus show decreasing behaviour with
increasing A. As a function of frequency both moduli show the some nonlinear upwards trend that seems
independent of prestrain level. Looking at these results, a correction factor can be an interesting method to
adjust frequency dependent tensile modulus for different prestrain levels. Such a method is also presented
by (Lee,2001) [37]. It adjusts the Morman’s formula by implementing a strain-dependence to the relaxation
function. A pre-strain dependence is used at a reference frequency.

As previously mentioned the amount of filler content is largely responsible for the decision of neglecting
prestrain effects. An extreme case is researched by Thorin et al. [64] and gives an indication for upper limits
because it investigates highly filled rubber. Results show that up to 1% of prestrain both storage and loss
modulus are relatively constant. From 1% up both moduli start increasing exponential.

The aforementioned results suggest that a shift factor can account for the prestrain effect on the frequency
dependent storage modulus of filled rubber. Static experiments described in section 4.1 can be used for
determining the shift factor. The frequency dependent complex moduli can be determined by dynamic ex-
periment at zero prestrain. If this method is applicable, experimental effort is significantly reduced because
prestrain is not a parameter that has to be varied within the dynamic experiments.

2.4.2. Payne effect

Besides the static prestrain dependence as described in section 2.4.1, rubber behaviour changes under the
influence of the dynamic strain amplitude. The dynamic strain amplitude, later referred as strain amplitude,
is the amplitude of a vibration when a rubber geometry is harmonically excited. The Payne effect [54] is
sometimes referred to as the Fletcher-Gent effect (Fletcher & Gent, 1953). The Payne effect describes the ef-
fect dynamic strain amplitude has on the complex moduli of interest. When talking about the Payne effect,
the scope lies outside the linear viscoelastic region where no amplitude effect is taken into account. The de-
pendency becomes more pronounced with increased amount of filler [23, 74]. For unfilled rubber the Payne
effect is not present and this can be assumed for certain filled rubber types as well. The strain amplitude
range at which this is valid dependents on the composition of the elastomer [74]. Wollscheid and Lion [74]
shows that for a 20 PHR (part per hundred rubber) the Payne effect can be ignored within a dynamic strain
ranging from 1072% to 10'%. In this region the elastic storage and loss modulus shows almost constant be-
haviour. The effect on the absolute and loss shear modulus for a harmonically loaded rubber is illustrated in
Figure 2.9. The storage modulus decreases with increasing amplitude and the damping d/loss factor shows
a maximum at moderate strain amplitude [29, 50]. A result which is also found by Sjoberg [60],0sterl6f [53]
and Karlsson and Persson [33].
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Figure 2.9: Shear modulus as a function of strain [50]

At small deformations, the storage modulus is higher because the carbon-black agglomerates, which are the
“hardest” regions, are not broken. As the deformation is increased, the agglomerates are broken into smaller
agglomerates. Therefore, the storage modulus decreases because there are now more mobile units or “soft”
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regions in the rubber matrix. At large deformations, the CB agglomerates break down until the aggregates
themselves are mobile units. The agglomerates present at intermediate amplitudes may be identified with the
“hard” regions. The breaking of the structure is often described as a frictional behaviour, which is an energy
dissipation mechanism. Hence, the loss factor of the elastomer increases, as shown by (Medalia,1978).

In this research the focus lies on high frequency excitations that are characterized by their very low strain
amplitude. The amplitude of an operating engine is very small in the high frequency region. The stiffness of
engine mounts can therefore be considered as independent of amplitude in the audio frequency range [46].
The result of [74] show that it seems reasonable that the Payne effect can be neglected because the expected
dynamic strain amplitude are of such a low value. Pitfall is that the rubber of interest may contain a higher
level of CB-filler which will lower the dynamic strain amplitude until which the Payne effect can be neglected.
During experimental characterization the applied displacement can be controlled and verified by measure-
ments.

2.4.3. Mullins effect

The Mullins effect is about the stress-softening that is produced when an elastomer is harmonically deformed
for the first few time as presented in Figure 2.10. In literature it is sometimes identified as damage and is
common to all rubbers [36]. It is seen as damage because the Mullins effect does not recover at a fixed tem-
perature. The Mullins effect (Mullins, 1947) is a viscoelastic effect and results in a significant reduction in the
stress at a given level of strain during the unloading path as compared with the stress on initial loading in
stress-strain cyclic tests [21]. The difference is a result of residual strain after deformation. In filled rubber
this is due to the mechanical hysteresis from filler particles debonding from each other or from the poly-
mer chains caused by the stretching [15]. Therefor highly reinforced elastomers suffer a more pronounced
stiffness reduction than those with low filler content. After a few loading cycles the internal microstructure
reaches a permanent state and changes in stiffness become no more significant.
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Figure 2.10: Representation of Mullins effect [19]

Different mechanistic explanations for the Mullins effect are given in literature. A few are covalent bond
rupture, molecules slipping, filler rupture and disentanglement as shown in Figure 2.11. For a more extensive
overview and mechanistic explanation the reader is referred to the work of Diani et al. [20].

The Mullins effect is the instantaneous and irreversible softening of the stress—strain curve that occurs when-
ever the load increases beyond its prior all-time maximum value. The irreversibility holds when a fixed tem-
perature is held.

For this research it can be assumed that the rubber is already been excited with a larger amplitude than the re-
gion of interest. This is valid because during driving manoeuvres the rubber is loaded at a significantly higher
level than during steady state highway conditions. The samples used for the experiment can be precondi-
tioned beyond the level of interest to exclude the Mullins effect from measurements. More about precondi-
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Figure 2.11: Physical explanation of the Mullins effect

tioning to exclude Mullins effect can be found in research of Dorfmann and Ogden [21]. It is also assumed
that the temperature will not reach the level at which recovery of the previously broken bounds takes place
and therefor also the material stiffness. Because of these facts, the Mullins effect does not have to be taken
into account for correctly modelling the dynamic behaviour that is done in chapter 3.2.

2.5. Conclusion on rubber behaviour

In this section the previously mentioned effects are considered in terms of the application. The incompress-
ible, hyperelastic and viscoelastic behaviour are treated in this chapter. Apart from this general behaviour
there are specific rubber softening effects mentioned which are the Mullins and Payne effect. The effect of
prestrain is also introduced in this chapter. Concluding on the previous results the following can be assumed:

¢ Incompressible

— Bulk modulus not a function of frequency
¢ Hyperelastic

— Limited region triggered

— Material model simplifications
* Viscoelastic

— Moduli show severe frequency dependence

— Small dynamic strain amplitude and therefor linear viscoelastic behaviour
¢ Experiment considerations

- Control displacement to prevent the Payne effect from occurring

— Precondition sample to prevent the Mullins effect from being observed
 Filler

— Filler content not provided by the manufacturer which leads to uncertainty. General effect are

known and will be taken into account during analysis.



Modelling Rubber Behaviour

In the previously section the relevant rubber behaviour is discussed. The behaviour of the aforementioned
relevant behaviour needs to be modelled. This section explores different methods for modelling this rubber
behaviour. A selection of applicable methods are reviewed which will give a guideline when modelling rubber
within a FE software.

In section 3.1 it is explained how the static stress strain relation is represented. The five most applied hyper-
elastic material models are reviewed. In section 3.2 different models are reviewed that could represent the
viscoelastic behaviour with a small expansion in terms of modelling nonlinear viscoelastic behaviour. The
following hyperelastic and viscoelastic material models are discussed:

Hyperelastic Viscoelastic
* Yeoh * Maxwell
* Neo-Hooke (NH) * Kelvin-Voigt
* Mooney-Rivlin (MR) e Zener
¢ Arruda-Boyce (AB) ¢ Generalized Maxwell
¢ Ogden e Fractional Derivative

3.1. Hyperelastic Material Models

The hyperelastic behaviour as described in section 2.2 needs to be modelled. For a (quasi-)static analysis
the elastic behaviour of an elastomer is sufficiently described by a hyperelastic material model. To model the
hyperelastic behaviour of rubber a relation between stress and strain needs to be determined which is called a
constitutive relation. The surface under the S-shaped stress-strain curve described by a strain energy density
(SED) function W. The derivative of the SED function with respect to the strain results in the corresponding
stress.

_ow
(o] j= E (31)
The SED function can be used within the FE software Abaqus, where a wide variety of hyperelastic material
models are available. This section makes no attempt in explaining the derivation of SED function. The SED
function W can be based on the principle stretches or the strain invariants, whereas the last mentioned is the
most applied one. It is usually based on the first, and sometimes second strain invariant.

W =W(F)=W(A1,A2,A3) = W(h, I2, I5) 3.2)

where 1;,1,, A3 are principal stretches and I, I», I3 are the invariants of the left Cauchy-Green strain ten-
sion
For a hyperelastic, isotropic and incompressible material, the Cauchy stress tensor o, is given by:

ow ow ow

=2|(=— +—)B— —B?| + pI 3.3
o=2|(G-+hg-)B-0 P 3.3
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where p is an undetermined reaction stress which enforces the incompressibility constraint. Only the devia-
tory stress causes strain when an incompressible body is considered [36]. The deviatory stress can be written
as:

s=o0-pl
=2 (6W+1 aW)B oW g (3.4)
““1Yon, " on oL '
The strain invariants Iy, I, I3 of the left Cauchy-Green strain tensor, B, can be obtained respectively as:
I = trace(B) =+ 25+75
1
L= 5(If—B-B) = M5+ A305+A505 3.5)
I3 = det(B) =AfA5A5 =1

As shown by the work of Baaser et al. [5] some simplifications can be applied due to incompressibility con-
ditions. Assuming a constant volume leads to: J = detF = 1 which result in the relation 13 = Tlxlz With these
results the first and second strain invariant can be written as a function of the first and second principle
stretch.

1
Il = /1% + /1% + W
1'2
11 (3.6)
12 = A%A% + —2 + —2
AT
The goal is to review the most applied hyperelastic models which are expected to be applicable for this re-

search. The hyperelastic models reviewed in this section are the

¢ Yeoh,

¢ Neo-Hooke (NH),

* Mooney-Rivlin (MR),

¢ Arruda-Boyce (AB) and
¢ Ogden model

The performance of these models under uniaxial tension is presented in Figure 3.1. More about these mod-
els being evaluated for automotive purposes can be found in the work of Tobajas et al. [65]. More about the
parameter characterization for the MR, Ogden and AB model with uni- and bi-axial tests can be found in [2].
Ogden et al. [48] goes further into detail on the model fitting to experimental data. Other material data ex-
traction is described by Sandell [59]. For an extensive list of different SED functions the reader is referred to
the work of Bortoli et al. [10].

The reviewed models are based on a phenomenological, mechanistic or a combined (hybrid) approach.
The most hyperelastic models are phenomenological for which the constants have no direct physical mean-
ing [10]. Material models based on this approach fit a polynomial to experimental results from one or more
deformation modes and describe the observed behaviour. The mechanistic approach is about modelling the
behaviour with arguments about underlying material structure. A hyperelastic material is also sensitive to
deformation states. The material model chosen to evaluate, need to behave physically realistic in other de-
formation modes than the ones experimentally tested. With the expansion of more sophisticated hyperelastic
models, data from different deformation modes must be available. Commonly used deformation modes are
uniaxial, biaxial and planar tension. More on these experiment can be found in section 4.1. The number of
parameters of the model needs be limited in order to limit experimental effort. The material model needs to
be able to fit a limited predefined range of the complete s-shape stress-strain curve. This section describes
the most used hyperelastic material models for incompressible materials.

The NH and Yeoh model are the most well known and depend only on the first strain invariant and these
models can be seen as special cases of the Ogden model. The NH and Yeoh models will often yield in a
physically correct behaviour in all direction, as long as they are correctly fitted for one direction [50]. This
gives the models a broad application area with limited experimental effort. If only one deformation mode is
available, it is advised to stick to the NH, Gent or AB model. Yeoh found that for CB filled NR the dependence
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Figure 3.1: Material model comparison for uniaxial tension

on the second invariant I» was weak and therefor simplified the MR model. For the Yeoh model caution needs
to be taken when deformation takes place at low strain levels (Yeoh, 1995).

Yeoh

W = Cio(I1 —3) + Cag(I; —3)* + Cso (11 —3)° (3.7)
Neo-Hooke

W =Cip- (I -3) (3.8)

The NH model describes the behaviour of materials that will undergo large deformations. It is a special form
of a MR solid, where Cy; = 0. The model is accurate for strain values less than 20% and the shear modulus is
assumed to behave constant.

The MR model shows good agreement with tensile test data up to 100% strain, however it has been found in-
adequate in predicting behaviour in other modes of deformation than the one fitted to. The MR model is not
sufficient for multidimensional analysis. Using it for multidimensional analysis results in more experimental
effort.

Mooney-Rivlin
This is a special case of the generalized Rivlin model and is a linear combination of the invariants of the left
Cauchy-Green deformation tensor B. The original Mooney model is:

W =Cio-(I1 =3)+Cp1 - (I2-3) (3.9)

which is a often used for unfilled NR [59]. Parameters can be checked with a rule of thumb: Cy; = 1—10C10 to

%Cm Numerous models has been developed over the years, but they all can be generalized to a the 5th order
polynomial strain energy function family.

Cij(h =3) (I, -3)/ (3.10)

5
=1

Wy

i=1j
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which is known as the Mooney-Rivlin model. This family account for non-constant shear modulus. Inclusion
of higher order terms can lead to an unstable energy function which yields non-physical results outside the
range of the experimental data. In general this model is assumed to be valid up to 100% strain. In the case of
CB filled elastomers, only a small range of strain can be fitted as shown by Laka [36].

Tshoegl’s [66] (Tshoegl, 1971) research shows that retention of the higher order terms in the generalized RV
material model led to a better agreement with test data for both unfilled and filled rubbers.

Arruda-Boyce

The AB is a micro-mechanical model. Such models represents the physics of network deformation. The AB
model claims to correct the disability of the MR model and results in a material model that is accurate for
multiple modes of deformation at all strain levels, with making use of only uniaxial test data. The AB model
as function of first strain invariant is described as:

. 519

F-81)+————(I2-243 3.11
(I -81) 673750N4(1 )] 61D

1 1
W=Ci0[5(h-3)+ o7 -9) + (I} -27)

_— + _—
20N 1050 N2 7000N3

where C; = k- 0O is a material constant where k is the Boltzmann constant, © the temperature and N the
number of statistical links of length 1 in the chain between chemical crosslinks.

Ogden Model

The Ogden model differs in the fact that it uses the principle stretches. The use of real powers rather than in-
teger powers makes it able to capture the "upturn" at large strain and is therefor used for large strain analysis.
The parameter ¢ and a are hard to determine because iterative methods must be used instead of simple least
square methods [28]. It has not the ability to be used with limited test data.

N
WA = Y ?(Af’” FATP 42700, - 3) (3.12)
p=1%p

Where in general the shear modulus results from 2y = Zgzl HpQp

As can be seen in figure 3.1, not all hyperelastic material models are capable of capturing the so called upturn
in the S-curve. Due to limited motion inside the engine mount only a limited region of the curve is expected
to be triggered during this analysis. For the models to be evaluated it is therefor not critical if they are not able
to capture this upturn.

Unfilled rubber can be modelled as an elastic which can be very beneficial and provide quite good results [49].
Predicting the behaviour of filled rubber is complex because it strongly depends on strain amplitude and tem-
perature, but has weak frequency dependence [53]. A more exact stress strain relation adds more complexity
to the model [26].

3.2. Viscoelastic Material Models

The frequency dependent behaviour is captured within a viscoelastic model and needs modelling as well.
Throughout literature linear viscoelastic behaviour is characterized by different models. In this section the
most applied viscoelastic models are reviewed in terms of their performance, complexity and numerical im-
plementation. The performance is determined by the ability to represent previously observed viscoelastic be-
haviour. Results from the work of Voormeeren [70] are use to compare with. The considered viscoelastic mod-
els are all linear, meaning that they do not account for amplitude dependence [26]. Increasing the amount
of filler will increase the amplitude dependence and therefore the viscoelastic models can only characterize
accurately lightly filled rubbers with negligible amplitude dependent characteristics. With the knowledge of
this section a preselection can be made in terms of models that are examined during this research.

It is known that the viscoelasticity holds both elastic and viscous behaviour. The elastic and viscous be-
haviour is often represented by making use of springs and viscous dash-pots respectively. Examples of such
rheological models from simple to more complex are the;

¢ Maxwell model

* Kelvin-Voigt model (KV model)

¢ Standard linear solid model (Zener) (SLS model)
¢ Generalized Maxwell model (GMM)
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Figure 3.2: Viscoelastic rheological models [44]

The aforementioned models are schematically presented in Figure 3.2.

The Maxwell and Voigt model both use the same elements and are connected in series or parallel respectively
as can be seen in Figure 3.2. From the differential equation of the rheological models the complex modulus
in the frequency domain can be determined. The complex modulus of the Maxwell model is:

do(r) de(t)
n +Eo(t) =nE ar (3.13)
N En?w? + Enowi
and the complex modulus of the KV model is presented by:
o (1) = Be(n) + 7 20 (3.15)
B T at '
E;, () = E+nwi (3.16)

Figure 3.3 shows the normalized complex moduli as a function of frequency. The storage and loss modulus
and dynamic stiffness is shown. The storage modulus is about the recovery of energy and the loss modulus
about the dissipation of energy. The lines represent different dashpot values.

The Maxwell model yield no physically realistic behaviour in the case of (quasi-)static deformation because
the elongation of the dashpot is not limited and therefor the model will behave as a viscous. At low frequency
the recovered energy is unrealistic low as can be seen from the storage modulus in Figure 3.3. For the storage
modulus of the Maxwell model, the dashpot value determines in which frequency range an asymptotically
value is reached. The asymptotic value is determined by the spring value as can be seen from Equation 3.17.
The loss modulus has an maximum at intermediate frequency after which it decays to an asymptotic value
determined by the dashpot value.

lim re[E;,(w)] = E
e (3.17)
u}Elt}olm[Em(cu)] =0

At higher frequencies, this model recovers more energy than at low frequency. In general this is a behaviour
observed for filled NR, like the results of Voormeeren et al. [71] in Figure 3.4.

The disadvantage of the Maxwell model, in term of nonphysical behaviour at low frequency, is solved for
the KV model. In the KV model a viscous dashpot is coupled in parallel to an elastic frequency independent
spring. The elongation of the damper is now limited by the spring in parallel. Atlow frequencies the KV model
will now behave as a solid instead of a viscous. The storage modulus of the KV model is constant which
is realistic only for a small frequency range. The loss modulus is linear which is not a behaviour oserved
by the work of Voormeeren [70]. The KV model is characterized by the facts that at higher frequencies it
overestimates and at the lowest frequencies it will underestimate the loss factor of the dynamic stiffness [61].
This result is confirmed by Figure 3.3 and limits of the KV model are given by Equation 3.18. The loss modulus
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is not bounded which result in unrealistic behaviour at high frequency. Because in this research the frequency
range is rather large, this will result in a large error.

Jim re[Ef, ()] = E

L. * (3.18)
u}1_1)1301m[Ekv(w)] =00
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Figure 3.3: Normalized Maxwell and KV model

In general the Maxwell model yield more physical behaviour than the KV model. Both models have pros and
cons and are not yet sufficient to characterize the dynamic behaviour of (filled) NR. The Maxwell model has
the most potential and therefor improved in different ways. To create an improved storage modulus at low
frequency a spring is added in parallel with the Maxwell model, making it a SLS model. The added static
stiffness makes it behave as a solid at low frequencies. Withing the FE software Abaqus the static stiffness is
determined by the hyperelastic model previously mentioned. The SLS model is also referred to as the Zener
and three parameter Maxwell model. In the search of improving experimental fitting capabilities, the Maxwell
model is improved in to the Generalized Maxwell Model (GMM). Both SLS and GMM models are reviewed in
to upcoming part.
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Figure 3.4: Result from Voormeeren et al. [71], used as guideline

The Zener model, shown in Figure 3.2.c, represents the behaviour of a linear standard viscoelastic solid. It
consist of two springs in parallel where one is placed in series with a dashpot. The Zener model merges
the behaviour of the previously looked at Maxwell and KV models. The hysteresis of the Zener model is not
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modelled in a quasi-static load case. The strain rate approaches zero in such an analysis and therefor the
contribution from the dashpot is very small. This can be seen in Figure 3.5 where the loss modulus is zero
at a frequency of zero Hertz. The SLS model can be represented by the following differential equation and
complex modulus.

n do(t) (Eso + Eg) de(2)
Nt ——== Hnp—— "4 7 3.19
o( )+Ed a7 oE(1) +1 £, ar (3.19)
EooE? + (Eg + Exo)nw? + E2nwi
sls — = a e il (3.20)

E2+n?w?

The storage modulus of the Zener model at low frequency is now determined by the value of E,. This yield
a more realistic (quasi-)static behaviour. The asymptotic values at infinitely large frequency are given by
Equation 3.21.

Jim re[Ej; ()] = Eq + Eoo

N * (3.21)
JEIOIOIIH[ESIS(Q))] =0
The position of the peak of the loss modulus can be related to the ratio between E; and 7.
E
w~ -2 (3.22)
n
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Figure 3.5: SLS / Zener model

The reviewed Zener model is, like the Maxwell and KV model, limited in the shape it can addapt to. To increase
the correlation between the Zener model fitted to experimental data, more Maxwell elements can be added
to the model. By doing so, a generalized Maxwell model is created. In the next part the GMM is reviewed
including some additional modifications.

When multiple Maxwell models are connected in parallel a Generalized Maxwell Model (GMM) is created as
shown by Figure 3.6. The addition of more Maxwell elements gives the GMM more ability to fit experimen-
tal data with minimal error. Negative effect of this addition is a more complex material model, with more
parameters to fit. The number of Maxwell elements must be a compromise between frequency range of in-
terest, precision and computational effort. Equal to the Zener model, the static behaviour is determined by
the value of E,, which is referred to as the static stiffness.
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Figure 3.6: Generalized Maxwell Model (GMM)

Rouleau et al. [57] shows rubber modelling with a GMM. The complex modulus of the GMM is represented
as:

mn iwt
G* (@) =Goo+ Y G- ——— (3.23)
=1 1+iwTg

Rewriting Equation 3.23 with the relation 7 = /Gy from Thorin et al. [64] and the fact that both n; and C;
represents both dashpot values gives:

N G: i
G* (@) = oo+ Y — 1) (3.24)
i1 Gitnoj
Writing in a clear way, separating storage and loss modulus gives:
N Gin*w? +G*nowj
Ggmm(@) = Goo + ‘ Sl Bt (3.25)
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The previous result shows the comparison between the presented equations of Jrad et al. [31] and Rouleau
etal. [57]. The GMM is capable of representing every complex modulus of interest.

N
Jim re[ G, (@)] = Go + i:ZlGi

(3.26)
u}ggoim[Ggmm(w)] =0

Thorin et al. [64] modifies the GMM with a prestrain dependence. More on the effect of prestrain can be found
in section 2.4.1. In this research the spring properties are made dependent on the prestrain level. A linear and
proportional difference functions are used for the prestrain dependence. The proportional function has a
value at which it becomes active. If the prestrain is below the value, it can be considered that the effect is
negligible. It is able to implement the effect up to a prestrain of 6%. Above this the writer advised to develop
new Maxwell elements.

The work of Jrad et al. [31] tries to model the nonlinear behaviour by adding a nonlinear spring in parallel
with the GMM making it a nonlinear GMM (NLGMM). The philosophy behind this model is the separation
of nonlinear elasticity (hyperelastic) and linear viscoelasticity. In the FE software Abaqus, the combination
of hyperelasticity and viscoelasticity leads to an equivalent NLGMM. Jrad et al. [31] presents the equation for
the dynamic stiffness of a NLGMM:

KiCiwj

N
7* =Ky + e —— 3.27
() = Ko ; Kt Coar] (3.27)

Applying a viscoelastic model to a wide frequency range often leads to an increasing number of parameters.
In the search of describing large frequency range behaviour with limited parameters, the fractional derivative
model has been researched and applied. The work of Rouleau et al. [57] also shows the modelling of rubber
with a fractional derivative model (FDM). In a FDM the dashpots are replaced by pot elements. The complex
modulus of the FDM is represented as:

(iwt)%

G (w)=Go+(Goo—Go)'m

(3.28)
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In general the FDM needs significantly less parameters to yield the same fitting quality as that of the GMM
and is advised when large frequency range is considered [50]. In this research the results are 24 vs. 4 parame-
ters.

The GMM is implemented in the FE software Abaqus by the Prony series. The Prony series is the Fourier
Transform of the time domain relaxation. The Prony series within Abaqus is used in combination with the
hyperelastic properties. The Prony series has advantages over the previously mentioned FDM. The Prony se-
ries is more numerical efficient because the response depends only on the previous step, whereas the FDM
depends on the entire strain history [50]. The Prony serie method also has the advantage that it is imple-
mented in the software which is used for in this research.

In the frequency domain the Prony series are represented by:

gP 2 2
Gs(w) = Go[l—Zgl +G021;T‘w2 (3.29)
N T;W
G(w) = GOZ 1ng 2.7 (3.30)
M
Z_z[(Gs Go)7 + (G -G (3.31)

The parameters Abaqus needed to define the Prony series are; g;, 7;. The Prony series in Abaqus is limited
to 12. Abaqus/Standard assumes that the frequency dependent shear, which acts in deviatoric way, and vol-
umetric behaviour are independent. The volumetric behaviour again can be expressed by a storage and loss
moduli [Abaqus manual]. It is however assumed that the bulk modulus is not of interest for an incompressible
material in this application.

3.2.1. Nonlinear viscoelasticity

In the previous section it is assumed that the rubber behaves in a linear viscoelastic manner. It is shown that
such behaviour is observed for unfilled and lightly filled NR. If the NR is filled the dependence on dynamic
strain amplitude cannot be easily ignored. As discussed in section 2.4 the Payne effect describes this soften-
ing phenomenon. Rate-independent damping mechanisms has been used in order to model the amplitude
dependence. Frictional elements are used to represent the Payne effect [4]. Austrell [4] presents a combined
viscous and frictional model. It is a Zener model extended with a friction and spring element in parallel. This
model included step size dependent relaxation and amplitude dependent dynamic modulus.

The work of Gil-Negrete et al. [26] combines a FDM with frictional elements to model the nonlinear viscoelas-
tic behaviour of CB filled NR. The model is shown in Figure 3.7(a). It shows the so called overlay technique
to overcome disabilities from the FE software. Different FE models are created with identical meshing and
nodes but with different material definitions. After the applied loading the results of the individual models
can be merged as shown inf Figure 3.7(b). The applied loading conditions must be displacement inducing
straining because applying force will result in variation of displacement between the models. The resulting
stresses from the different FE models can be added.

The work of Olsson and Austrell [51], Laka [36] and Sandell [59] also shows the use of the overlay technique for
including the Payne effect in a nonlinear viscoelastic material model. More on the effect of adding frictional
elements to previously mentioned linear viscoelastic material models can be found in Appendix B in the work
of Karlsson and Persson [33].
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Figure 3.7: Overlay technique

3.3. Conclusion on rubber modelling

This section concludes the previously remarks in terms of modelling rubber specific behaviour. A selection
of models is reviewed that can represent hyperelastic or viscoelastic behaviour.

The hyperelastic models where reviewed first. Material composition is not provided by the manufacturer
and therefore the so called phenomenological models are preferred. The model does not have to capture
the upturn at large deformations because of limited range of motion of an engine mount. To capture this
upturn a higher order polynomial is needed which lead to more computational effort. The remaining models
that are phenomenological and limits computational effort by ignoring the upturn are the Neo-Hookean and
Mooney-Rivlin models. It is shown that the Mooney-Rivlin is not good in undergoing deformation modes
other than the ones fitted to. The MR model is based on the first and second strain invariant and it is shown
that the dependence on NR on the second strain invariants is small. These facts make it that it is expected
that the Neo-Hookean hyperelastic material model will be sufficient to represent the (quasi-)static behaviour
of NR.

Secondly the material models that can represent viscoelastic behaviour are reviewed. It is shown the the
more simplified models such as the Maxwell and KV connect represent the complex viscoelastic behaviour of
rubber over a large range of frequency. The Zener model (SLS) improves in that fact with limited parameters,
however it lacks in the capability of fitting to experimental data. This can be improved by making use of the
Generalized Maxwell model which is a Zener model added in parallel with Maxwell elements. The additional
elements gives it more mobility to adapt to experimental data. The GMM is more numerical efficient than the
FDM because the response depends only on the previous step, whereas the FDM depends on the entire strain
history. The GMM is implemented in Abaqus that is the FE software used during the Master Thesis.

The modelling of nonlinear viscoelastic behaviour is also briefly discussed. It not expected that the vibrations
excite the nonlinear viscoelastic region. This expectation can be affected by the unknown filler content and
therefore knowledge is needed to capture this effect when it is being observed during experiments. Adding
frictional elements cannot be combined with a viscoelastic material model which makes it necessary to use
of the overlay method.



Experimental Characterization

4.1. Hyperelasticity

This section gives more insight in the experimental effort needed to characterize hyperelastic behaviour. The
three most commonly used tests are described. The experimental process is briefly explained before there
is looked at data processing that includes determining output that can be used for the hyperelastic material
model described in section 3.1.

Data for rubber material models can be obtained from tests in uniaxial tension, uniaxial compression (equib-
iaxial tension) and simple (pure) shear. It is possible to fit the material model to data obtained from a single
test. The coefficients obtained are proven the perform well in describing loading condition equal to that of
the test. As described in section 3.1 material models have difficulty with describing other modes of deforma-
tion than the one fitted to, which makes it limited in use. With this knowledge it seems reasonable to assume
that more modes of deformation improves the robustness of the material model.

4.1.1. Uniaxial test

In this test the goal is to subject the specimen to a pure tensile strain. To achieve this goal, no lateral con-
straints must be present that can prevent the specimen from thinning. This thinning is a response to the
tensile strain. It is widely accepted that this is the case when the specimen is at least 10 times longer than the
thickness or width. Care should be taken when measuring the elongation of the specimen. This cannot be
done at the clamps, but has to be done at the specimen away from the clamps at a position where only pure
tensile strain is present. Measuring is done by a noncontacting device like a video or laser extensometer. The
load P can be measured by a load cell. The relevant principle strain and stresses are given by:

L A
A=A=—, M=A3=4/— 4.1
2 Io 1=A43 Ao (4.1)
P 0 (4.2)
Oy)=0 = -, O1=03= .
2 o 1=03
4.1.2. Biaxial test
During a biaxial tensile test the sample is equally strained in two direction.
L 1
M=Adp=A=—, Az=— 4.3
1=42 To 372 (4.3)
o1=02=0, 03=0 (4.4)

About compressive test: Equivalent to biaxial deformation ¢ Lubricated platens minimize “barrelling” « May
contain volumetric effects ® Not good at high strains

26



4.2. Viscoelasticity 27

b EEEEE.
1 4 - 1
L e -
2 9 - 2
(a) Uniaxial tension (b) Biaxial tension (c) Planar Tension
Figure 4.1: Schematic representation of hyperelastic experiments
= ty=1/005 = 1/02 Jy=1/0
Strain invariant UT ET PS Jo=1h -
L AZeoA T 2AZ+ A% AZrAZ+1 Mﬂ@ M=t T o
I 2A+A7 AMr2a T A rA T+ i —~7 b=
I 1 1 1 (uT) (ET) l(PS)
(a) Strain invariants in relation the principle stretch (b) Principle stretches during experiments

Figure 4.2: Relevant relation for hyperelastic experiments

4.1.3. Planar tension test

This test is also referred to as the planar shear test. It shows comparison to the uniaxial tension test, only
with a very wide specimen. Due to the geometry of the specimen it is possible to apply is pure shear state
at some location of the specimen. The width is now at least 10 times bigger than the length in tension. The
test is very sensitive to this ratio. With this ratio it is accepted to assume that thinning only occurs in the
thickness direction [2]. At the center of the specimen a pure shear exists at a 45 degree angle to the stretching
direction.

L t

A=1 Ap=A=—, Az3=— (4.5)
Lo to

01#0, o2=0, 03=0 (4.6)

4.2. Viscoelasticity

In order to parametrize the viscoelastic material model, a so called Dynamic Mechanical Analysis (DMA)
needs to be performed. During this analysis the rubber sample will me dynamically strained with a sinu-
soidal vibration. Complex moduli are results obtained during such analysis and are a function frequency.
The complex modulus that is obtained depends on the loading condition the sample is excited to. The DMA
can obtain results for a large frequency range by making use of the time temperature superposition principle
(TTSP). It is shown that lowering temperature has the same effects as increasing frequency. By cooling the
sample the frequency during the experiment can be limited to 100Hz while obtaining result in a KHz range.
Shit factors needs to be determined in order to relate a temperature change to a change in frequency. A so
called master curve can now be obtained which consists of individual temperature measurements.

A more thoroughly explanation the DMA of rubber can be found in the work of Menard and Menard [41]. An
example of experimental results for three different rubber mounts can be found in the appendix of the work
of Voormeeren et al. [71].



Summary and Conclusion

This section summarizes and concludes the finding of the previous chapters. In this literature review the goal
was to find answers to the question "How and which rubber specific behaviour must be included in a numeri-
cal model to properly predict the dynamic behaviour of a rubber engine mount under steady-state conditions?".
The main question is subdivided and is answered in terms of rubber specific behaviour and which are rele-
vant, its mechanistic explanation, external triggers, representation by material models, experimental needs
and influence of aforementioned in the dynamic behaviour.

In this literature study it is shown that in general the behaviour of rubber is rather complex. The behaviour
is influenced by material composition where the addition of filler plays a dominant role. The complexity
of the behaviour is related to difficulties in both characterization and modelling. Rubber is characterized
by its hyperelastic and viscoelastic behaviour triggered by static and dynamic straining respectively. Rubber
exhibits also softening effects which are called the Mullin’s and Payne effect. The effect of prestrain on rubber
behaviour is researched and should be considered in this research.

Hyperelasticity is characterized by a strong nonlinear relation between stress and strain under static loading
conditions. The stretched polymer chains are at a certain point extended to a maximum which is determined
by the covalent cross links. Reaching this limit results in a drastic increase of modulus. The behaviour is trig-
gered by large deformation and is observed in a range of 100s of percent deformation. For this research a sig-
nificant static deformation is expected, however in general engineering application such range is not reached.
It is therefor reasonable to assume that only a limited section of the hyperelastic curve is triggered during the
static deformation. In this research the modelling of the behaviour is only focused on mimicking the effects
observed during experiments, which makes the phenomenological models the most interesting. The hyper-
elastic behaviour can be modelled with a strain energy density function which describes the surface under
the stress-strain curve. Because the upturn does not have to be captured in the material model the amount
of parameters can be limited, which minimizes both computational and experimental effort. Because of the
choice for a phenomenological model which not have to capture the upturn and limits computational and
experimental effort the Neo-Hooke, Mooney-Rivlin and Yeoh are models that fit these criteria. Typically three
deformation modes are triggered during experiments to propetrly fit the material model parameters. These
three deformation modes are uniaxial, biaxial and planar tension. The exact need of experiments is deter-
mined by the choice of material model and the deformation modes that are expected for the real situation.
Considering the previously chosen material models, the material parameter fit has a more significant influ-
ence on the static and low frequency solution of the FE model than the choice of material model. The static
solution determines the initial conditions for the dynamic analysis and therefor an offset for the dynamic so-
lution is expected when material parameters are not fitted correctly. It is expected that the initial conditions
effect storage but not loss modulus. Peaks of the eigenfrequencies are therefor expected to be constant, but
the location are likely to vary.

¢ Hyperelasticity: represented by a Strain Energy Density function
¢ Engine mount has limited range of motion: upturn in s-shaped curve not triggered
¢ Material model does not have to capture upturn: simplified material model
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¢ Material composition not provided by manufacturer: phenomenological models preferred

¢ Engine mount made of Natural Rubber: dependence on second strain invariant is small

¢ The Neo-Hooke model is able to represent the NR (quasi-)static behaviour sufficiently for this applica-
tion

The linear viscoelastic behaviour describes the stiffness and damping which are frequency dependent. In
order to model the dynamic behaviour properly, the viscoelastic properties are of interest. The frequency
range of interest is rather large and therefor the effect it has on the viscoelastic behaviour as well. High fre-
quency excitation’s are typically characterized by their low amplitude and therefor it is expected that linear
viscoelastic behaviour can be considered. In this literature review the most applied viscoelastic models are
discussed. They are of the rheological sort which represents the behaviour with a combination of springs and
dashpots. In general, when comparing trendlines, it is proven that the Zener model yield the most promising
dynamic behaviour when comparing to experimental result from other research. The trendline gives infor-
mation about the dynamic character of the combined elements, however not about its capability of merging
to experimental data. To improve this ability it can be extended to a generalized Maxwell model. The gen-
eralized Maxwell model is represented in Abaqus by the so called "Prony series". The viscoelastic properties
within Abaqus makes use of a long term elastic modulus which is the static value. Abaqus gets this value from
the hyperelastic material model previously mentioned. The hyperelastic and viscoelastic material defined
in Abaqus are cooperating and are dependent on each other. During this research the viscoelastic material
properties are represented by the Prony series in Abaqus. A dynamic mechanical analysis gives enough infor-
mation to determine the viscoelastic properties of a rubber sample. The sample can be exposed to multiple
deformation modes and a large frequency range result can be observed with such an analysis. The use of
the device is rather expensive for this application and is therefor not used during the research. As a first as-
sumption experimental data is used from another research that matches this one. This result will give a good
starting point for further refinement. The choice of material model determines how well the model is capa-
ble to fit experimental data over a certain frequency range. Deviation in terms of fitting translated to both
stiffness and damping properties under influence of frequency. A change of resonance frequency and peak
height is expected due to the change in stiffness and damping respectively.

e Interest in describing the behaviour over a large frequency range

¢ Vibrations are of small amplitude: linear viscoelastic behaviour

* Behaviour represented in a rheological way: spring and dampers

¢ Model must fit experimental data with limited error: higher order polynomial

¢ The Generalized Maxwell model with a sufficient number of elements is able to describe the linear
viscoelastic behaviour over a large range of frequency

¢ DMA can be used to provide data to characterize the viscoelastic material model

¢ GMM implemented in Abaqus by means of "Prony series"

The Mullin’s and Payne effect are two types of softening phenomena triggered in different ways. The Mullin’s
effect can be seen as damage done during the first loading cycle of a higher level than the prior all-time max-
imum value. After a few loading cycles the internal microstructure reaches a permanent state. Recovery of
the Mullin’s effect is not observed at room temperature. The Mullin’s effect is explained in multiple ways
throughout literature. The mechanisms responsible for the Mullins’s effect are covalent bond rupture, slip-
ping of molecules, filler rupture and disentanglement. It is an effect which is not relevant for modelling, but
needs to be taken into account during experiments. Experiments have to be done on preconditioned sam-
ples that are loaded beyond the level excited to during the dynamic experiment. For the practical situation
it seems reasonable to expect that an engine mount is preconditioned during dynamic driving conditions.
Dynamic excitation during steady-state conditions are not expected to be higher than during cornering situ-
ations for example. Because no recovery is observed the preconditioning holds over time. The Payne effect
is also a softening phenomenon but cannot be seen as damage. It is triggered by a dynamic strain amplitude
that lies outside the range wherein linear viscoelasticity is valid. The Payne effect increases with the amount
offiller and is not present at unfilled rubber. Because composition of the sample is not known the Payne effect
cannot be excluded. Research that is discussed in this literature review gives reason to assume that the Payne
effect is not triggered in the application of interest. This is due to the expected dynamic strain amplitude
which is small and the fact that the NR used for the engine mount is not expected to be highly filled. Effort
should be made to be sure that the Payne effect is not present during experiments. Fitting a linear viscoelastic
material to nonlinear behaviour will introduce unnecessary errors. If the Payne effect is observed a nonlinear
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viscoelastic material model must be used. The overlay technique shows to be a good method to combine hy-
perelasticity with frequency and amplitude dependent behaviour within a FE model. Multiple models with
identical meshing represent the individual behaviour. Stresses from the different models that are introduced
be the applied strain can be added in order to find the final solution.

Payne effect Mullins effect

e Mullins effect observed during first few loading

Payne effect: amplitude dependent viscoelastic
behaviour

Small vibration: no Payne effect expected is
real case situation

Experiments: displacement controlled to pre-
vent the Payne effect from occurring

Filler content unknown: strain level at which
the Payne effect is observed is uncertain

cycles

Experiments: sample must be preconditioned
by loading it with an x number of times to
a strain higher than expected during experi-
ments

During dynamic driving conditions the engine
mount is expected to be preconditioned al-
ready in the real case



Master Thesis Approach

This final chapter will present the approach for my upcoming master thesis. The approach is a result of
the knowledge collected in this literature review and things encountered while setting up the master thesis
plan. The thesis will begin with creating more knowledge on the effect of material parameters on static and
dynamic stiffness. The knowledge is needed to later on be able to vary observed differences.

1. Create general knowledge on
¢ the effect of material parameters on static and dynamic stiffness
¢ experimental needs

In parallel to the previous step the thesis start with characterizing the geometry of the engine mount and
define sufficient simplifications being applied to the modelled geometry. The static displacement under a
certain load must be obtained experimentally resulting in the geometry related stiffness. If the geometry is
modelled correctly the static behaviour from the FE model can be merged with experimental result. By doing
so, the first improvement of the material parameters is made.

2. characterize and model geometry of engine mount

3. apply simplification to geometry in FE model

4. experimentally characterize static stiffness

5. compare FE analysis with experimental results

6. improve material parameters that concern static behaviour

If the static behaviour is matched to focus lies on the dynamic behaviour. The dynamic behaviour will be ex-
perimentally characterized by means of its dynamic stiffness. Inertia effect are affecting the dynamic stiffness
and therefor the vibrating shell must be characterized by means of inertia in six DOE The dynamic stiffness
is determined by making use of shaker or impact test. More knowledge is needed to decide on the method to
use. Forces will be detected by making use of a load cell that can operate in compression and tension load-
ing conditions. Results will be obtained up to a maximum frequency allowed by the used method. Larger
frequency range limits extrapolation errors. Again the experimental results are compared with the dynamic
behaviour obtained with the FE analysis. The goal is to find general differences between the two results. The
knowledge generated on the effect of material behaviour on the dynamic stiffness can be used improve the
material parameters in order to better adapt to the experimental behaviour.

7. experimentally characterize dynamic stiffness
8. identity striking differences between data from experiment and FE analysis
9. adapt material model parameters without affecting static behaviour

10. create general guidelines for modelling the dynamic behaviour

The final goal of the master thesis is to characterize the dynamic behaviour of a rubber engine mount and
capture this in a FE model that fits the dynamic substructuring framework.

10. Output the dynamic stiffness;
¢ insix DOF
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* as afunction of frequency
* between two virtual points
11. Validation in the real case and mounted situation

It must improve current techniques that mimic the dynamic stiffness. Ultimate validation will be when it is
able to improve transfer functions of connected structures with the engine mount being mounted in between
them.
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Part Two - Thesis



Case Introduction

In this chapter more information can be found on the case which is studied in this research. The problem
statement, which also sketches the context, can be found in Section 7.1. The characterization approach is
presented in Section 7.2. Besides that Section 7.2 also includes the challenges, arising from the approach.
The scientific contribution of this work is clarified in Section 7.3. The properties and the reasoning behind
the chosen object can be found in Section 7.4.

7.1. Context and Problem Statement

The characterization of rubber dynamic behaviour is proven to be a difficult topic. Nowadays impacts meth-
ods [27, 39, 52] are used for characterizing the dynamic properties of rubber elements. The method does not
extract material properties which the disadvantage that results are case specific. The approach of Haeussler
etal. [27] is interesting because its output can be made directly comparable with numerical results. Although
the method is promising it has some negatives:

¢ Obtaining the dynamic stiffness requires matrix inversion. Measurement errors can have a significant
affect on the matrix inversion.

* From the experiment only the transfer-stiffness can directly be determined. The attached structure
eliminates the ability to directly obtain the drivingpoint-stiffness '. Decoupling methods and therefore
knowledge on the dynamic behaviour of the attached structures is needed to obtain the drivingpoint-
stiffness.

¢ The characterization approach is geometry related. The results cannot be extrapolated.

The goal is to extract the rubber material properties by making use of impact testing. Obtaining a correct
material model opens up a range of opportunities. The material properties enables one to overcome the
drivingpoint-stiffness characterization difficulties. The method expands the experimental characterization
abilities. It has the ability to reduce the necessary experimental effort and can increase the quality of difficult
to characterize DoF of the stiffness matrix. The inverse approach opens the opportunity for extrapolating
results to other geometries of the same material. Next it is explained by which approach these goals are to be
reached. Also the challenges, needed to be overcome, are presented.

7.2. Approach and Challenges

In between the literature review and the actual research it was concluded that a DMA measurement couldn’t
be conducted as a consequence of lacking budget. It introduces more uncertainties with respect to the mate-
rial model parameters which again has an effect on the performance of the numerical model. Despite these
facts, this work presents a promising approach for conquering these negatives. The alternative approach
includes the following steps:

1. Experimentally characterize the research object by making use of impact testing.

1The BS ISO 10846 states that the dynamic driving point stiffness is the frequency dependent ratio of force on the input side of vibration
isolation to the displacement on the input side with the output side blocked.
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Obtain an initial viscoelastic material model

Obtain the transfer-stiffness from a FE model that includes a viscoelastic material model.

Build a tool which can optimize the initial material model parameters to match the experimental data.
Expand the numerical model to match the experimental setup. Obtain the drivingpoint-stiffness which
is used as a validation measure with respect to the experimental results.

From the previous steps a number of challenges arise:

Experimentally characterize the research object considering the damping and the nonlinear material
behaviour.

Obtain an initial viscoelastic material model with zero material specific data.

Construct a FE model including a viscoelastic material model from which the transfer-stiffness can be
obtained between two virtual points.

Build an optimization tool which requires to interconnect Matlab with FE software and Python.
Expand the numerical model to sufficiently mimic the experimental situation.

The results in this work are findings to the following questions:

7.3.

Can a combination of impact testing and numerical simulation provide a method to obtain rubber
material properties?

Which experimental conditions are needed to characterize only the rubber object?

Does an impact test method provide good quality data for the optimization?

Which approach is needed to make the experimental and numerical results comparable?

Which experimental results are best used as a reference value for the optimization?

What optimization approach is best for this case?

Does the optimized material model resembles behaviour observed in literature?

Can the experimental results provide one with a validation measure?

Contributions

In this section it is shown which scientific contributions this work provides.

1.

The inverse approach enables one to extract material properties from the experimental impact method.

2. The impact method is able to characterize the dynamic transfer-stiffness of a rubber object up to the

7.4.

first eigenfrequency of the attached structures.

. Itis proven that an initial viscoelastic material, obtained from other research, is sufficient for optimiza-

tion purposes. The optimization method enables one to find a global minimum for a time consuming
objective function.

Without applying decoupling methods, which require knowledge on the dynamic behaviour of the at-
tached structures, it is possible to numerically predict the drivingpoint-stiffness within a respectable
margin.

The presented method enables one to significantly reduce the experimental effort.

The moduli optimized for a translational load case is usable for prediction a, hard to experimentally
characterize, rotational load case.

Research object

The goal of this research is to characterize the dynamic rubber properties. A commercial vibration damper is
used, which provided no information in terms of dynamic properties or material composition. It is a Natural
Rubber (NR) that has a Shore A hardness of 58.

The research object is a cylindrical shaped vibration damper. These type of vibration dampers are used for
mounting a vibration source (engine) on a base or in a frame. It consists of a cylindrical rubber component
that is fixed to two metal faces. The steel plate is on the other side connected to a M10 thread. A schematic
representation of the vibration damper is shown in Figure 7.1 and the geometric parameters D, H and h are
presented in Table 7.1.
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Figure 7.1: Cut-trough of the vibration damper used in this research

Table 7.1: Geometric parameters of the vibration absorber

Object nr

D [mm]

H [mm]

h [mm]

1

50

30

28

The object is chosen because:

* The basic geometry enables one to minimize the complexity of the numerical model. In this work, fast

simulations are dominant over model complexity.
¢ The object can be directly mounted to other structures which is beneficial for the experimental setup.
* The rubber is bounded to a stiff metal surface.



Numerical

This section describes the process of modelling and simulations. Both are done with Abaqus which is mainly
used for its wide variety of viscoelastic material models. The results are analysed with Matlab. In this work
the ability of Abaqus to be activated with Matlab is proven to be very beneficial.

In Section 8.1 the general numerical approach is presented. It is a quick overview from which the modelling,
simulation and analysis steps can be obtained. Secondly in Section 8.2 the construction of the FE model is
presented. The construction of the FE model concerns meshing, virtual point implementation, numerical
effects and boundary conditions. Hereafter in Section 8.3 the choice of material model is presented including
the derivation of the material model parameters.

Section 8.4 describes the process of running simulations. Which steps are needed to extract the relevant
output and which loading and boundary conditions need to be applied. In this section it is further defined
which steps are needed to simulate relevant experimental conditions.

8.1. Approach

The main goal in this chapter is to obtained the dynamic stiffness matrix from the rubber cylinder by making
use of numerical simulations. Therefore a model has to be build with an appropriate material model which
represents the complex dynamic behaviour of rubber. The analysis depends on running dynamic simulations
which are needed to be set up. The results of the simulations needs to be translated to Matlab in which it can
be analysed.

The previously mentioned overview can be simplified towards the following steps:

1. Construct the FE model concerning:
(a) build geometry (Sec. 8.2)
(b) meshing taking into account the complex rubber behaviour (Sec. 8.2)
(c) boundary conditions (Sec. 8.2)
(d) coupling methods (Sec. 8.2)
(e) derivation of initial material model parameters (Sec. 8.3)
(f) implement dynamic simulation (Sec. 8.4)
2. Data-transfer (Sec. D)
(a) input parameters for geometry and material model
(b) output relevant field output for constructing dynamic stiffness matrix
3. Data-processing (Sec. 8.4.1)
(a) Construct Dynamic Stiffness matrix

8.2. FE Model

In this section the full build of the FE model is described. Background knowledge, with respect to ele-
ment criteria, coupling methods and boundary conditions, is presented from which FE choices can be ex-
plained.
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8.2.1. Element selection

Size, shape, order of interpolation and type of integration are all factors which influence the results deter-
mined by the FE software. The available element shapes are further defined in Section 8.2.1. The order which
is used for interpolating results in between corner nodes is in further detail explained in Section 8.2.1 and the
integration method in Section 8.2.1. The interpolation method effects solutions like the displacement field.
Stress and strain are a solution which are found in an integral way. The integration method determines the
number of points within the element where integral solutions need to be determined.

Element shape

For a 3D stress analyses, Abaqus includes a number of element shapes; hexahedral, tetrahedral and penta-
hedron elements. Later also referred to as hex, tet and wedge elements respectively. Figure 8.1 shows hex,
wedge and tet elements in both linear and quadratic order from left to right respectively. The choice for a
certain element shape depends mostly on the geometric complexity, the expected level of stress and strain
and the type of simulation.

] [ e

8-node 20-node

Figure 8.1: 3D stress element types

Tet elements will not be used in this research. Tet elements are outperformed by hex elements when it comes
down to convergence rate. If the shape is meshed with hex elements in a good way, accuracy is is equal at
lower computational effort. The strength of tet element is that these elements are better in filling up complex
geometric sections. Because this work contains a basic geometry, tet elements are not used.

Hybrid formulation

As described in Section 2.1 rubber shows (nearly) incompressible behaviour. Applying incompressible be-
haviour to a standard numerical element adds an extra constraint which makes the element overconstrained.
If such an element cannot resolve all these constraints, it will suffer from volumetric locking1

Think of a cylinder filled with rubber, that is being compressed by a piston. It can be imagined that
there is almost zero piston displacement, however a significant stress is build up inside the rubber
element, which adds stiffness to the geometry. A very small displacement leads to a extremely large
change in pressure. The displacement-based solution that is used in standard element types is far to
sensitive. Round-off from the computer can be a reason for this technique to fail. The solution for an
incompressible material can therefor not be obtained in terms of the displacement history only.

A way to prevent volumetric locking is to apply the hybrid formulation. Hybrid element use is advised when
modelling fully incompressible material and also nearly incompressible material that shows hyperelastic be-
haviour [18]. The hybrid formulation is only present in the Abaqus/Standard software and is therefore a
reason to use this specific software type from Abaqus. A hybrid element separates the pressure stress from
the displacement solution and couples both solution with the constitutive theory and the compatibility con-
dition [18]. The coupling is implemented by Lagrange multipliers. Adding more internal variables will lead to
more computational effort. A hybrid element also has an active distortion control with a default length ratio
of 0.1.

Tet and wedge elements are advised to use only for filling regions of meshes of hex-type elements. Each
hybrid tet-element (C3D6H) adds a constraint equation to fulfil the incompressible behaviour. A mesh with
only such elements will be overconstrained [18]. Quick and stable simulations are dominant and no complex
geometries are present. The rubber will be meshed with hybrid elements and the Abaqus manual advises to
use hex shaped elements due possible overconstrainement when using tet shaped elements.

1volumetric locking can be indicated by large variations in hydrostatic pressure from one integration point to the other. In Abaqus the
(hydrostatic) pressure, without averaging at the nodes, can be a method to check the presence volumetric locking. A quilt-style contour
of the pressure will show this effect. If the pressure shows a checkerboard pattern volumetric locking is occurring. The checkerboard
pattern represents significant changes in pressure between integration points.
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First- and second-order elements

First- and second-order element are referred to as linear and quadratic elements under "Geometric order”
within Abaqus. Because this terminology conflicts with others, the first- and second-order terms are used
throughout this thesis. The order determines the way a solution is found in between the corners of an ele-
ment.

» "First-order" means that the solution between the nodes is calculated by linear interpolation.

— First-order interpolation applied on tet elements have generally poor convergence rate and there-
fore need very fine meshing to produce good results [18].

— First-order tet and wedge elements are overly stiff in stress analysis resulting from their vulnera-
bility to volumetric locking as described in Section 8.2.1 [76], even when using hybrid formula-
tion [18].

¢ "Second-order" means that the interpolation function between the corners is of a quadratic form.

— Second-order elements are able to capture geometric features, such as curved edges, with fewer
elements than first-order elements. As discussed in Section 8.2.1, the meshing needs to be checked
for distortion.

— A second-order element is less sensitive to distortion. If there are severe stress concentration
present in the model, second-order element will capture this more effectively [18].

Overly stiff in stress analysis, which makes them less useful because the stiffness of the geometric has an
significant effect on the FRF determined during the dynamic analysis.

Full- and reduced-integration elements

Some solution are found be integrating over the volume of the element. Abaqus evaluates the response of
the material at each integration point in each element that is present in the geometry. For almost all element
types the Gaussian quadrature technique is used to integrate.

It is said that reduced integration elements experiencing problems with hourglassing and full integration
elements are sensitive for both shear and volumetric locking. Because no pure bending is present, shear
locking is not present in this research. Reduced integration is only an option for the hex element within the
available element types.
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Figure 8.2: Integration points for output [http://abaqus.software.polimi.it/v2016/books/usb/default. htm?startat=pt06ch27s01aus114.html]

Summarizing the current section and also Section 8.2.1 will result in a selection of element which yet seems
applicable for this research. Both first-order tet and wedge (tri) are both discarded from the available ele-
ment types. That means that four element types are still available where the first- and second-order are the
preferable shape. For large deformation with the risk of distortion, first-order elements are preferred. The
most volume should be meshed with first-order hex shaped elements. In complex sections of the geometry, tet
or wedge elements can be used. As a first assumption, first-order elements are preferred.
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Table 8.1: Integration options for 3D stress elements

Linear Quadratic
Integration Full Reduced Full Reduced
Hex X X X X
Wedge X X
Tet X X
Pressure Constant | Linear Constant Linear
Hex X X
Wedge X X
Tet X X

8.2.2. Coupling to Virtual Point
As previously mentioned, the goal is to find Dynamic Stiffness that fits within the dynamic substructering
framework. Results from this model must be compatible to;

¢ be coupled with experimentally characterized structures, and
¢ to be directly comparable to experimental results of the same object.

The coupling method of interest in this work is the virtual point? transformation method as described by
van der Seijs et al. [68]. More background information with respect to the virtual point method can be found
in AppendixA.1. The goalis to represent the VP conditions within the FE model. The results obtained from the
numerical model can than directly be compared to the virtual point transformed experimental results.

AR AR AL i

LZ

(a) Numerical (b) Reallife

Figure 8.3: Side-views

The Virtual Point methods works on the assumption that the area between the Virtual Point, sensors and
impacts is rigid. The measured values can than be transformed towards to virtual forces and displacements
within the Virtual Point. A rigid coupling in FE software is a Rigid Body Element (RBE). The RBE2 and RBE3
coupling types are represented as a kinematic and distributed coupling within Abaqus respectively.

* The kinematic coupling is a RBE2 coupling which adds stiffness to the surface at which it is attached.
It constraints motion between the nodes located at the meshed surface and the Virtual Point, which
results in a nonuniform stress distribution at the surface.

* As the name suggest both distributing type constraints distribute the forces equally over the coupled
surface and does allow relative motion between constrained and unconstrained DoE The distribution
type constraint allows the surface to deform, which results in a more uniform stress distribution on the
surface.

The virtual points are modelled in Abaqus as reference points, which has no material properties and can be
located anywhere. The connection between the rigid surface of the rubber geometry and the related reference
point is made by adding coupling constraints. As previously mentioned the Virtual Point method work when
assuming the surface is rigid. Therefore deformation of the surface is not allowed. Because of this reason the
Kinematic Coupling is used which resembles an RBE of type 2.

The VP modelling allows one to apply displacement and forces directly to the virtual point, which is some-
thing is experimentally impossible. For determining the dynamic stiffness within and between the two virtual

2A virtual point is an imaginary point which can represent input or output forces and acceleration.
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Figure 8.4: Coupling types; Kinematic, Continuum distributing and Structural distributing

points, the boundary conditions and loading conditions can now be applied at the virtual points.

Metal Shells

The stiffness of the metal shells is replaced by the RBE2 element. The material is several orders stiffer than the
rubber. It will not be beneficial to model and mesh these parts because it will lead to more complex model
increasing computational effort. The stiffness of the metal element is replaced by the coupling constraint
added to the nodes that are located on the rubber/metal bonded surface [76].

Damping of the metal parts is neglected in the FE model. Metal is a material with minimal damping, which
makes it reasonable to assume this is near zero with respect to the highly damped character of rubber.

The mass affects the dynamic stiffness with its inertia. For the mass effects two scenarios are possible:

1. Compare the numerical results with experiments.
If one’s goal is to compare experimental results of the mount with that of the FE model than all inertia
values of experimentally attached structures must be present within the model.

2. Use the numerical results for coupling to other structures.
If the stiffness from the FE model is determined with the goal of coupling, than the inertia can be ne-
glected. The mass of the metal is big with respect to the mount’s mass, but small in comparison to
the structures later coupled with. The effect the metal mass has on the coupled FRF of the structure is
negligible.

For the implementation of inertial values the reader is referred to Section 11.1 in which the numerical model
is updated by implementing the inertia of the attached crosses.

8.3. Material model

In this work a viscoelastic material model is used to represent the rubber behaviour. It is chosen to represent
the viscoelastic behaviour with tabular data. The Tabular data is a transformation of the DMA data and is
a method in Abaqus to represent linear viscoelastic behaviour. In this section it is presented how the mate-
rial model data is obtained. For theoretical background on viscoelastic behaviour the reader is referred to
section 3.2.

Due to the limited time-frame and budget of this research no fundamental characterization such as a DMA
could take place. ADMA would enable one to characterize the rubber within a large frequency range. Lacking
the ability to execute such a measurement brings another challenge to the table. The challenge is to define
a representative material model from literature with little knowledge on the rubber composition. The only
known parameters of the rubber are that;

e itis a Natural Rubber and
¢ it has a Shore A hardness value of 58.

The alternative way for obtaining material model parameters is by combining experimental results of other
research. The focus lies on finding data for NR with a known hardness. The parameters that are used in this
work can be found in appendix B.2. In the next part it is presented how the material model parameters are
obtained, but first some background on the rubber hardness measure.
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Shore A Hardness

The Shore A hardness value is a commonly used measure for classifying rubbers. In this work it will be an
alternative parameter that is used as an indirect measure for determining the material model parameters
for the FE model. In practice two hardness measures are used. The International Rubber Hardness Degree
(IRHD) and the Shore A hardness test. Both measures determine the hardness by indenting the rubber object
where they differ in the probe shape that is used. The first is an ISO standard and both are nearly identical[59]
in the hardness range of 30-80. The rubber used in this work fits this range.

A schematic presentation of the Shore A experiment is found in Figure 8.5. It is found that most rubbers used
in vibration and shock isolators generally fall in the range of 35-75 durometer on the Shore A scale [67]. In
this work, but in many cases, the hardness is the only available material parameter. The relation between
hardness and stiffness is defined by ISO standard 48:2010 which is empirically determined.

20 A Durometer (Soft) 90 A Durometer (Hard)
Deeper Penetration Shallower Penetration

Type A Indentor Bottom of Durometer

gauge resting on top
of rubber specimen.

—{ 20 Durometer Rubber Specimen }7 —| 90 Durometer Rubber Specimen }—

Figure 8.5: Shore A hardness test

The hardness is unfortunately not a measure [33] for the filler content which is known to highly affect the
dynamic stiffness and the degree of amplitude dependent behaviour. The next goal is to obtain experimental
data of natural rubbers and possibly combine results in a smart manner.

8.3.1. Collecting and Reproducing Experimental Data

In the next part a few experimental results are considered from other relevant research. The obtained material
model parameters are used as a first estimate. A few notes have to be made about the data obtained from
other research.

 only data of natural rubbers is considered

¢ the composition of the natural rubbers differs and is in some cases are unknown

e data is reproduced from figures from which differences can occur due to the lack of raw measurement
data

¢ experimental results include both static and dynamic behaviour

In the following a small summation is presented of the relevant data found in literature. After which the data
will be reproduced and combined to obtain a first estimate for the static and dynamic behaviour of a natural
rubber with a Shore A hardness of 58.

* The work of Ucar and Basdogan [67] presents experimental data for three natural rubbers with a hard-
ness of 45,60 and 75. Hyperelastic and viscoelastic properties can be obtained from the uniaxial tensile
test and time domain relaxation tests done in this work.

¢ Kim et al. [35] presents experimental results for natural rubbers with unknown hardness but known
filler content. It differs from the work of Ucar and Basdogan [67] that the focus lies on finding hypere-
lastic behaviour under compressive conditions and not tension.

* Suphadon et al. [62] presents the hyperelastic behaviour of two natural rubbers that are unfilled.

¢ Gil-Negrete et al. [26] present material model parameters for two natural rubber with a known Shore A
hardness of 50 and 70. The work presents parameters a linear elastic, fractional derivative viscoelastic
and the von Mises’s elastoplastic material models. The 50 rubber is said to by lightly filled whereas the
70 is filled more. Bushing stiffness are presented as well.

* The work of Olsson and Austrell [51] stated that two rubber of Shore A 60 and 80 show large amplitude
dependence which can be mainly ascribed to the Mullins effect. This means that preconditioning min-
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imizing the amplitude dependence and therefore the degree of nonlinear viscoelasticity. It presents
material parameters for a viscoelastic-elastoplastic model.

¢ The work of Luo et al. [40] presents material model parameters for the Kraus model of a filled NR. More
on the Kraus model parameters for filled NR can be found in the work of Chazeau et al. [14].

* The book of Roylance [58] presents the time domain relaxation data of a natural rubber type. This is by
far the most complete data but is needed to be transformed to the frequency domain.

(Hyper)elastic

In both the experiment and the FE analysis the applied displacement is held small. Also the preloading re-
sulting from the attached structures will not trigger the hyperelastic behaviour. This means that hyperelastic
behaviour is not necessary to be modelled. The focus in this work lies on determining good initial viscoelastic
material model parameters.

The hardness is an indirect measure of the stiffness and therefore it can be related to the Young’s Modulus (E).
The Young’s moduli is a good indicator for low frequency viscoelastic behaviour. The hardness measurement
is determined after 15 seconds at which for example the relaxation process of the natural rubber in the work
of Roylance [58] is already at 95%. Therefore the storage modulus at very low frequency should match the
Young’s modulus when the same loading conditions apply. It is assumed that the loss modulus is zero for low
frequency which is correct behaviour for natural rubbers.

The following semi-empirical relations are found in literature which relate the Shore A hardness with the
Young’s Modulus;

_0.0981(56 +7.623365) 8.1)
©0.137505(254 — 2.545) '
S =35.22735+18.754871n(E) (8.2)

which are derived by Gent and by Rigbi respectively. Gent stated that below a Shore A of 40 the experimen-
tal results started to differ from the semi-empirical formula. Battermann and Kohler derived an empirical
formula which relates the Shore A hardness to the shear modulus:

G =0.86(1.045%) (8.3)

The following Young’s moduli and shear modulus are found:

0.0981(56 + 7.62336S)
EGent = =3.3314 [MPa]
0.137505(254 — 2.545) 8.4)
Eniohi = €X (M) =3.3677 [MPa] '
Right = X\ g 7nag7 ) T
Gkohler = 0.86(1.0455) =11.047 [MPa] (8.5)

It is shown that both relations (Eq. 8.4) from Gent and Rigbi provide near identical results. As mentioned
in Section 2.1 the elastic modulus is proportionally to the shear modulus by E = 3G for an incompressible
material. For a filled rubber the factor can become up to 4 [12]. From Equation 8.6 it can be seen that one
of the relations are defined for minor filled natural rubbers. Because filler content is unknown these result
provide a good first estimate of the static modulus.

G
Kohler _ 3.28 (8.6)

ERigbi

Viscoelastic
Roylance [58]
The work obtained the Prony series in the time domain for a natural rubber with unknown composition. The
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Prony parameters are presented in Table B.1 with M, being 0.3. The Prony series are in this case used to
represent the time domain relaxation behaviour. The relaxation modulus is defined as:

N
M) =M.+ Y Me "' (8.7)
i=1

The Prony series obtained through time domain experiments can be used to obtain the frequency dependent
behaviour as is shown by Baumgartl, M., Winter [7]. The Prony formulae [17] for the storage and loss modulus
are being used:

M (@) = Moy + 3. girjo)” 8.8)
w) = —_— .
o i:11+(1§w)2
N T
M"(w): g’T—lw (8.9)
D1+ Ew)?

where g; refers to M; and My, = M,.

Gil-Negrete et al. [26]
In this work the shear modulus is determined for natural rubbers with four different hardness values; 40, 50,
60 and 70. A near constant shear modulus magnitude is found within a frequency ranging from 0 to 500 Hz.
Most deviation from the linear behaviour is observed between 0 and 100 Hz. The following values can be
assumed reasonable:

The work also present material model variables from which the behaviour can be extracted. It makes use of
the fractional derivative model to represent the nonlinear viscoelastic behaviour:

Gfdb(iw)“

G* =G+ ———
*" Gfa+bliw)®

(8.10)

The moduli for the NR without (NR A_) and the two with hardness known (NR A50 and A70) are presented
in Figure 8.6. The results are within the same order of magnitude. A large deviation is found in terms of
frequency dependent behaviour. Where one loss modulus is decreasing, the other increases. The search
therefore continuous for a more consistent dataset which represents frequency dependent behaviour that is
expected based on the literature review.
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Figure 8.6: Moduli obtained from literature

DMA Dataset

One dataset which fulfils this demands is presented in Figure 8.7. The results are obtained by a DMA which
is also executed in the work of Voormeeren [70]. Comparable trends in frequency dependent behaviour is
observed. It is expected that the optimization method correct the absolute magnitude of the moduli, but
preserves the frequency dependent trend-line. The last DMA measurement is the most complete and direct
data. The raw measurement is available from which there are no uncertainties.

DMA dataset 120

Storage Modulus [MPa]
Loss Modulus [MPa]

e

0 - . — I . 1
107" 10° 10! 10? 10°
Frequency [Hz]

Figure 8.7: DMA data
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8.4. Dynamic Simulation

In this section it is presented which steps are taken to fulfil the simulation. More information is presented
about both the static and dynamic analysis. Pros and cons are presented for different methods. After the static
analysis follows the dynamic one. Within the steady-state dynamic Analysis, Abaqus has multiple options
available, namely:

¢ mode-based method
* subspace-based method
¢ direct method

The mode-based method is less accurate than the direct and the subspace-based solution, because within
the rubber significant material damping is present [Abaqus manual]. Within the mode-based procedure the
frequency-dependent behaviour is needed to be modelled with a workaround. It is not advised to use this
method because it introduced more uncertainties. This section therefore continues by summarizing the pros
and cons of the direct and subspace-based procedure.

In the next part the key features relevant for this work are presented for the two left types of analysis.
Direct solution procedures

* response in terms of physical DOF of the model

¢ supports frequency-dependent behaviour. Advised to use when viscoelastic material properties must
be taken into account.

e more computational expensive with respect to subspace-based steady-state dynamics

* more accurate than subspace-based steady-state dynamics

¢ includes load stiffness effects

¢ includes nonlinear effect of a prior response

¢ can handle nonsymmetric stiffness

Subspace-based procedure

¢ cost-effective way to include frequency-dependent effect such as damping from viscoelasticity

¢ linearised response of a system to harmonic excitation

* eigenfrequency extraction step is needed prior to the steady-state dynamic analysis

¢ less accurate than direct solution method, in particular when dealing with viscoelasticity with a high
loss modulus

Because this work is focussed on optimization , the accuracy of the simulation is crucial for finding correct
optimized parameters. Both approaches are able to handle viscoelastic behaviour. The subspace-based pro-
cedure is however less accurate because it is a modal superposition procedure. The subspace-based method
also depends on an eigenfrequency analysis prior to the dynamic simulation. It is because of these facts that
the direct solution method is chosen for this work.

8.4.1. Data Processing

To obtain the dynamic stiffness, the displacement is used as the input for the FE model. The output are all
the reaction forces measured at both VPs. The dynamic stiffness is also referred to as the impedance and is
defined by:

fm (w)
Up(w)

which relates the applied displacement u at DoF n to a reaction force f at DoF m. An element Z,, is only
nonzero if the displacement in 7 results in a force in m. The dynamic stiffness matrix is column-wise con-
structed. To fill column n of stiffness matrix Z, DoF n is activated where the other DoF m # n are all held
fixed. In this case a displacement is applied to DoF n while all others are fixed and resist movement with a
certain reaction force f.

Impedance: Z,(w) =

Ukzn =0 (8.11)

Considering the classical method for obtaining the dynamic stiffness than the dynamic stiffness has a sparse
character. The surrounding nodes are fixed due to conditioning and can therefore not transfer forces to other
DoFs. By applying the virtual point method within the numerical environment, a reduction is made. Using
this method also enables us to compute the admittance matrix as describes in Equation 8.12. Obtaining the
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receptance is proven to be difficult with the classical method due to the inversion of a sparse impedance
matrix.

Um(w)
Receptance: Y, (w) = =0 8.12
P 'mn (W) fn @) fk#n ( )
The order in DoF during this work is:
o r 1 1T
1 fxypl Txvpl
2 fy;;pl T}’vpl
3 fzvpl TZypl
4 qupl vapl
5 MJ/vpl RJ’vpl
6 M, R
mand n = =" %] and | 2" (8.13)
7 fxvpz Txupz
8 fJ’upZ T}’UpZ
9 fzva TZUpZ
10 qupZ qupz
1 Myva Ryup2
12 _MZUpZ _Rzupz‘
where T, ,, is the translation in x-direction of virtual point 1. The magnitude and phase of the dynamic

stiffness are calculated with Equation 8.14 and 8.15 respectively.

| Zmnl = ||fm|| (8.14)
L Zon =2 fn— Lty (8.15)
8.5. Quality of results

The research object is symmetric in multiple loading directions. The symmetry of the object results in a
weak link between applied displacement and some measured reaction forces. The weak link between par-
ticular DoF makes these stiffness values sensitive for numerical noise. The obtained phase is found to be
more sensitive than the magnitude. Equation 8.16 is used to define the relative magnitude of the complete
transfer-stiffness matrix. The measure can indicate which stiffness values are sensitive for numerical noise
and are preferable not used for comparison to the experimental results. The normalization is separated in
four blocks such that the translational, rotational and cross stiffness values are normalized separately. The
results of Equation 8.16 are presented in Figure 8.8. The same result are found for the drivingpoint- and
transfer-stiffness matrices. The dark blue boxed indicate the DoF with a strong link. These stiffness values
are expected to be of a good quality such that they can be compared to the experimental results. To summa-
rize to following DoF with strong links are found:

e Translational Stiffness: Zr, 7., Zr,,1y) Z1,,T,
* Rotational Stiffness: Zp_r,, ZR,,Ry» ZR,,R,
¢ Cross Stiffness: ZRy,Tx; ZTx,Ry , ZRx,Ty» ZTnyx

ZTIT)xy,z Z(RIT)x,y,2
. . . _ | max(Zirimyyy,)  max(Zgrimy,y,.)
Normalized stiffness magnitude = ZiRrg e Zwinyg,ys (8.16)

max(Z(r/R)y,y,,)  MaxX(ZR/R)y,y,z)
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Force DoF

stiffness

1.514e-06 0.0001367 3.419e-06 1.419e-07
Ty 1.514e-06 1.453e-05 0.9 3.4e-06 5.212e-08
Tz 2.606e-05 2.455e-06 3.071e-05 0.0002888 4.752e-10
R_x 3.703e-05 0.999 4.226e-05 2.547e-06 1.415e-07

5.246e-06 0.0003967 2.791e-06 0.9998 1.785e-07
R z 1.957e-07 4.16e-07 3.114e-09 1.178e-07 1.958e-07

T x Ty Tz R_x Ry Rz

Figure 8.8: Absolute and normalized dynamic transfer stiffness value
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Experimental

This chapter hold all the information with respect to the experiment. In Section 9.1 the case is introduced
and the experimental approach is presented in an overview. The measurement approach is presented in sec-
tion 9.2. The equipment necessary to conduct the measurement are then presented in 9.3. Before presenting
the experimental results two models are used to derive a transferfunction which provides a first validation
tool. These models are presented in Section 9.4. With this validation tool ready the experimental results are
ready to be presented and analysed in Section 9.5.

9.1. Introduction

The goal for this experiment is to characterize the dynamic behaviour of the AIB-structure, where A and
B are the crosses and I is the rubber vibration isolator as shown in Figure 9.1. The dynamic behaviour is
characterized in terms of the admittance Y which is also referred to as the receptance in literature.

U (w)

Receptance: Y, (w)=——
1Y mn fn(w)

Jiezn=0 0.1

Figure 9.1: Sketch of research object

In this work the impact test method [27, 52, 55, 67] is used for the characterization. Deformation of the object
is triggered by the excitation (impact) and acceleration is measured with accelerometers attached on the
structure. The impact method has the following advantages:

¢ multi-DoF characterization

¢ minimal attached measurement equipment

¢ enables one to use of the Virtual Point transformation method
¢ measurement able up to the multi-kHz range

¢ lean characterization method

49
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Figure 9.2 presents a zoomed view of the experimental setup. The structure hangs in two thin elastic cords
which are mounted to a cubed framework. The elastic cords are used to create a so called free-free boundary
condition. The elasticity of the cords is chosen such that the decoupling takes place at low frequency ( 5 Hz).
Decoupling means that the motion of the mounted structure is not affected by movement of the frame.

Figure 9.2: Experimental Conditions

9.2. Approach

In this section it is shown how the measurement is executed. At first the workflow during the different exper-
iments is explained. After which it is shown how the data obtained during the experiment is processed with
the goal of constructing the 12x12 receptance matrix.

9.2.1. Workflow

The elements of the receptance matrix are filled with the admittance as a function of frequency. The admit-
tance and impedance have an inverse relation. The admittance is more often referred to as receptance in
literature. To align with literature in the further work it is referred to as receptance.

Lets first consider which experimental cases needs to be fulfilled in order to fully construct the receptance
matrix of the combined AIB-structure. As previously mentioned the rubber is mounted in between two
transmission simulators (TS). The structure must move freely which enables one to compute the cross values
of the receptance matrix. It is therefore that the structure is mounted with a so called free-free boundary
condition.

The experiment has to be done with sensors located at both TS 1 and 2. A minimal of 2 three-axial accelerom-
eters and 1 one-axial accelerometer are needed to fully characterize the movement of one transmission sim-
ulator as describes by [68]. Because the sensor module is limited to 12 channels, not both TSs can be adopted
with sufficient sensors. For a series of impacts the movement of only one TS can be fully characterized. The
measurement has to be fulfilled in a roving manner !, in which position of impacts and sensors vary during
the experiment.

For the experimentally characterized receptance, the following relation between sensor and impact location

11t is shown by Van Der Seijs [69] that the admittance FRF is always an observation of the structure’s dynamics independent of the other
FRFs in the measurement. This enables one to spread the matrix construction over a multiple of experiments. Why this is particularly
useful in this work is further defined in Section 9.3.3.
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can be derived:

[ ulx ] | ] ] flx ]
u, h,
u, Impactat TS 1 Impactat TS 2 fi,
r, Sensor at TS 1 Sensor at TS 1 my,
rly mly
r,| _ | | my,
u |~ ] 1 . 9.2)
Uz, 2,
Uy, ImpactatTS1 Impactat TS 2 f.
T2, Sensor at TS 2 Sensor at TS 2 my,
I’gy mgy

| 72; | mz. |

As can be seen from Equation 9.2, 4 variations needs to fulfilled during the experiment. By making use of
identical TSs and assuming perfect experimental conditions the receptance matrix is symmetric. Due to
uncertainties about the structure and the experimental setup it is chosen to fully characterize the receptance
matrix and afterwords validate the degree of symmetry.

To summarize, the experiment can be divided into the following steps:

1. Hitimpact on TS 1 and measure on TS 1 which results in the drivingpoint-receptance Yy;.

2. Rotate the structure to improve working conditions.

3. Keep the same sensor positions, but now hit the impacts on TS 2. This combination is needed to obtain
the transfer-receptance Y;, which relates impacts in VP, to displacement in VP;.

4. Keep the same object orientation, but replace sensors position to TS 2. Hit again impact on TS 2 to
obtain the drivingpoint-receptance Y2, of VP;

5. Rotate the structure to improve working

6. Finally: keep the same sensor positions, but now hit the impacts on TS 1. This combination is needed
to obtain the transfer-receptance Y»; which relates impact on VP; to displacement in VPy;.

With now all the data obtained, the next goal is to optimize the measurement by selecting the best available
data.

9.2.2. Data selection

This optimization holds impact selection for improved coherence, but also making small sensor adjustments
to improve the numerical setup in order to match the imperfect experimental conditions. To data selection
mostly done within Dirac. The data selection consists of the following steps:

* During the experiment
1. Validate impact force consistency, which prevent observing non-linearities of the rubber.
2. Observe the force spectrum to detect double pulse impacts
3. Observe coherence of sensor channels parallel to the impact. Coherence performance around
anti-resonance frequencies is proven to be a good indicator of consistent impact positioning.
4. Observe coherence of sensor channels perpendicular to the impact. Coherence performance over
the range of frequency is proven to be a good indicator of consistent impact directioning.
¢ After the experiment
1. Check the symmetry (reciprocity) of the obtained VP receptance matrix.

9.2.3. Data Processing

The data obtained from the experiment needs to be processed. The goal is to obtain the 12x12 dynamic
stiffness matrix which relates forces and moments to displacements and rotations respectively between two
points of interest.
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To create some background knowledge the following matrix forms are often used:

oA Ui(w) o
Accelerance: A;j(w) = F@ Jkzj=0 (9.3)
.. i (w)
Mobility: M;;(w) = f;(w) fiezj=0 (9.4)
Receptance: Y;;(w) = (@) fizi=0 (9.5)
P L Xj = fj @ k#j = .

In an experimental setup the acceleration is being determined. The time domain signal is transformed to
the frequency domain within the Dirac software. Transforming the obtained time domain signal to the fre-
quency domain makes it easy to compute the receptance or mobility matrix from the accelerance. The fact
that: ii(w) = jou(w) and ii(w)= —w?u(w) is useful for computing the other matrices. With the accelerance
determined from the experiment, the receptance and mobility can be determined by:

. uj(w) 1 iij(w) —Jj i (w)
Mobility:  Y;i(w) = =— =—— =0 (9.6)
R fiw)  jo fjw) o fjw) Jij
u; (w) 1 ii(w)
Receptance: Y;j(w) = =— i=0 9.7)
p ij ) — 2 i@ Sz
The receptance is derived from the experimentally obtained accelerance by:
1 i (w) 1
= 2 Ty T T M S =0 08
The dynamic stiffness is now determined by:
-1
_y-l Zn Ziz|_|Yn Y2
Zexp (w) = Yexp (w) Zoi Zoo| T Yo Yo (9.9)

Not all data is proven to be useful as a reference for the optimization. It is shown by Haeussler et al. [27] that:

71, =241 and Zzl, =748 (9.10)

which means that the transfer stiffness of the combined structure AIB characterizes the behaviour of the
rubber element only. This enables one to obtain a matrix that is comparable to the numerical results. It is
chosen to invert the receptance matrix of the experiment. By doing so, the coupling between the structures
is taken into account. Therefore no further knowledge has to be developed about the coupling dynamics of
the experimental structure.

9.3. Equipment

In this section the equipment used during the experiment are defined. This includes measurement equip-
ment as well as additional features. The individual properties of the measurement equipment can be found
in Appendix B.3.

9.3.1. Transmission Simulators

In the experimental setup the use of a transmission simulators (TS) is introduced. Vibrations excited with
the impact hammer are to quickly damped out due to the characteristics of the rubber material. It affects the
measurement in a negative way. To overcome this problem more mass is added in the form of a TS which
enables us to insert and hold more energy in the system which improves experimental results when a rubber
object is considered. A TS must;

¢ be very stiff, to not affect the measurement with its own dynamic character,

¢ have enough mass to hold a minimum amount of energy during the measurement considering a certain
frequency range,

¢ have flat surfaces which can be hit easily with an impact hammer and to which accelerometers can be
attached.
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* be able to be connected to the rubber object and mounting frame.

The TS is attached to the top and bottom of the rubber cylinder and one is also attached to the mounting
frame. In this work an aluminium cross is used to function as a TS. The fabricated TS and sketch are shown
in Figure 9.3a and 9.3b respectively. The reasoning behind the aluminium crosses are:

* Material choice:
— Easier to process than steel.
— Lighter than steel
- Stiff
¢ Shape choice:
— Large enough surface for good impact
— Effective shape to minimize mass and increase surface.
— The arms of the cross enables one to apply significant torque with an impact and get higher sensor
output for rotations. Therefore the rotational stiffness is better measured.

(a) Fabricated TS (b) Sketch

Figure 9.3: Transmission Simulator

9.3.2. Excitation
In this work the structure is excitated with an impact hammer. An example of a range of impact hammer can
be seen in Figure 9.4.

Figure 9.4: Range of impact hammers
Experience has learned that position and direction of the impact must be as consistent as possible. A few
critical points need to be considered when measuring with the impact method;

* Positional accuracy:
Not every impact can hit the exact same location. Errors in position leads to less accurate FRFs as shown
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in Appendix C.1. In particular the anti-resonance is highly affected. It is therefore crucial to compare
the results of multiple FRFs for one impact position and thereby focussing on the anti-resonance re-
gions.

* Directional accuracy:
Not every impact can be hit in the correct direction which is usually perpendicular to the impact sur-
face. A directional error highly affects the cross-measured FRFs as can be seen in Appendix C.2. The
FRFs obtained by sensor channels perpendicular to the impact are a good indicator for directional er-
Iors.

* Double Pulse:
If the structure it hit two times with one impact this is called a double pulse. The double pulse is char-
acterized by a ripple in the force spectrum. The obtained FRF is unusable.

* Force Dependency:
In this work it is also important to be consistent in terms of impact force. Linear material behaviour
is assumed, but different behaviour can be triggered if impact forces differentiate to much from each
other. Impact force must be as small as possible to not trigger motions of a magnitude that results in
nonlinear rubber behaviour.

e Hammer tip:
The choice of hammer tip is a compromise between to observed frequency range and the impact force.
For a wide frequency range a sharp shaped impulse is needed. However this sharp impulse stands for a
high force which can result in sensor overshoot [11].

9.3.3. Sensors

This section describes the sensors used in this experiment. To fully define the dynamics of a virtual points
a minimum of 6 translational acceleration needs to be measured. As shown by van der Seijs et al. [68] this
cannot be fulfilled with two tri-axial accelerometers. The DoF in line with the two sensors is left unmeasured
which results in an underdetermined transformation matrix. A third accelerometer must be attached in order
to fully characterize the motion of the Virtual Point. Three tri-axial accelerometers are mounted at one trans-
mission simulator as shown in Figure 9.2. The properties a each sensor can be found in appendix B.3.

Figure 9.5: PCB Accelerometer

The PAK hardware can handle up to 12 sensor channels. Unfortunately this makes it impossible to fully
characterize the dynamics of the two virtual points in one measurement. Using a limited amount of sen-
sors means that the measurement needs to be fulfilled in a roving manner. More on this is found in sec-
tion 9.2.1.

* Positioning:
Placement of sensors is always a compromise.
— Sensors must be placed in an area around the virtual point which behaves rigid.
The sensors will often be placed as for away from the virtual point as possible. This sensor place-
ment results in higher magnitude output for rotations leading to low Signal to Noise Ratio (SNR).
The sensors cannot be placed at locations where you want to impact the structure. Also placing
the sensor close to an impact can quickly lead to sensor overshoot.
¢ Mass-loading:

— Mounting the sensors to the structure adds mass. With mgensor = 5.4 [g] and mrs = 525 [g], means

that one sensor adds =1% of mass.

¢ Mounting (wax):

— Easy removable
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Mechanically filters out high frequencies that could risk exciting an accelerometer’s internal reso-
nance 2

— Can easily get loose from a small touch.

Alignment on surface is harder due to the thicker layer of adhesive in comparison to loctide.

Limited temperature range of application

Because the measurement is done in a roving method, the removability of the sensors are important. Also the
temperature is held around room-temperature which makes the adhesive method applicable for this experi-
ment.

9.3.4. Dirac Software
The experiment is prepared with the Dirac software provided by Vibes.technology. This great piece of software
enables one to prepare the full experiment in a virtual environment. Dirac enables us to:

* load a 3D model of the object,

* position impacts, sensors and virtual points on the object,

e assign impact and sensor to a virtual point,

* measure and check experimental results in terms of magnitude and phase of the FRE

* optimize a set of impacts by removing the worst coherence impact combinations,

¢ check for double pulses and force consistency,

» export FRFs and properties of the instrumentation which can be handled by the Vibes toolbox.

The prepare and measure module are presented in Figure 9.6a and 9.6b respectively.

A ) B | mse | A [t prepare | Measure | Analyze Ba
=EE © i @ s @ iy @ i @ 0V [eor)
.
(a) Prepare module (b) Measure module

Figure 9.6: Dirac Software

9.4. Validation models

In this section a method is defined to validate the result presented in 9.5. The first goal is to determine the
reasonability of the obtained results. This is done by comparing the receptance with that of a simplified
systems as presented in Figure 9.7a. Two models are being derived:

¢ A base model which is very simplified and assumes perfect free-free boundary conditions
¢ An experimental model which again is very simplified but now included elements which are represent-
ing imperfect experimental conditions

The simplified models are able to give a good first approximation of expected results. The base model used
to define results that are not affected by experimental boundary conditions. The experimental model is used
to give insights into how the elastic mounting can affect the measurement. The knowledge prevents one to
apply optimization to affected experimental results.

From both models the transfer functions can be derived. The magnitude and phase of these models can be
used to validate the drivingpoint- and transfer-receptance obtained with the experiment.

The simplifications for both models are that:

Zhttps:/ /blog.mide.com/accelerometer-mounting-best-practices-for-vibration-measurement
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7% A

(a) Base model

74

(b) Experimental model

Figure 9.7: Schematic view of simplified models. The force F is applied to the left of m;.

¢ mass of rubber element is ignored
¢ stiffness and damping are not frequency dependent
¢ crosses behave rigidly (point-mass)

At first the Equations of Motion (EoM) of the system are defined in Table 9.1. The transfer function, in the
Laplace domain, of the models can be derived from the EoM. These describe the individual drivingpoint-

and transfer receptance.

Table 9.1: EoM for both models

Base model
x1(8)(mys® + cs+ k) = F(s) + x2(s)(cs + k) 9.11)
x2(8)(mas® + cs+ k) = x1(s)(k + cs) (9.12)
Experimental model
x1(8)(mis® + (c+c)s+ (k+ k) = F(s) + x2(s)(es+k)  (9.13)
xg(s)(mgs2 +es+k)=x1(9((c+c))s+ (k+kr)) (9.14)
Drivingpoint-receptance:
The drivingpoint-receptance is defined as:
x1(8)
Y; = 9.15
11,22(8) Fi0s) (9.15)
which can be obtained by replacing the irrelevant x, in Equation 9.11:
b (cs+k)?
YII?SS(S) = ((m132+cs+ k)— m) (9.16)
Writing the transfer function in one fraction it is found that:
2
k
Yiyss(s) = el T3 9.17)

(m1my)s* + (mq + ma)cs3 + (mq + my) ks?
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The Bode plot of the drivingpoint-receptance is presented in Figure 9.8. The behaviour is characterized as
follows, which can be used to quantify the results from the experiment:

¢ Aslope of -2 before and after resonance frequency
¢ A factor difference between high and low frequency behaviour a described by equations 9.22 and 9.23.
« Interesting pointis: |Y (w =1)| = 57

The drivingpoint-receptance of the experimental model is now defined as:

mos®+cs+k

v (s) = 9.18
(5) mymo st + (my + mo)esd + (myk+mok + mok,)s® + ckes + kke 9.18)

11,22

The FRF of the experimental model can be seen in Figure 9.8. After the first resonance frequency the struc-
ture is decoupled from its mounting. After the second resonance the two masses A and B are being decou-
pled.

Magnitude [-]

Base model
Experimental model

50 -

-100 — 1

Phase [-]

-150 [~

200 - -
107 10° 10 102 10%
Frequency [-]

Figure 9.8: Drivingpoint-receptance of both models

Transfer-receptance:

The next goal is to redo the previous, only now for the transfer receptance Y»; 12. Again the simplified models
presented in Figure 9.7a and 9.7b are being analysed. The EoM presented in Table 9.1 are used to obtain the
transfer-functions.

The transfer-receptance is defined as:

X2($)
Fi(s)

(9.19)

Yi2,21(8) =

which can be obtained by replacing the irrelevant x; in Equation 9.12 and writing the transfer function in one
fraction it is found that:

k
ybase o cs+ (9.20)

12,21 mymys* + (my + my)esd + ((my + mp)k + ¢) s

The transfer-function for the experimental model can be obtained by replacing the irrelevant x; in equa-
tion 9.13 and writing the transfer function in one fraction it is found that:
cs+k

Y55, () = 1 9.21)
, mymps* + (ma(c+co) + mic)s® + (ma(k + ke) + mik + cce)s? + (cke + cok) s + kke

The bode plot of the transfer-receptance for both models is presented in Figure 9.9.
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Magnitude [-]
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Figure 9.9: Transfer receptance of both models

With the properties of the the crosses being identical the low and high frequency magnitude are presented in
Table 9.2. The results can be use as a first validation tool for the obtained experimental results.

Table 9.2: Low and high frequency magnitude of both models

Drivingpoint Transfer
1 k
ybase Yiowl = —— (9.22) Yiowl = 9.24
low 2ms2 | low| ((m1+m2)k+0)32 (9.24)
1 c
|Yhigh| = W (9.23) |Yhigh| = m (9.25)
yexp 1 1
|Y10w| =7 (9.26) |Ylow| =7 (9.28)
ke ke
! | Yhigl = — 9.29)
| Yhigh| = T2 (9.27) high! = 53 :
9.5. Results

In this section the results from the experiments are presented. At first for the receptance matrix is being
presented after which the quality of the results is being analysed. With the correct receptance matrix the
transfer stiffness is being obtained by applying the inverse substructuring method.

To create a clear overview this section is focussed on the diagonal terms of the matrices as presented in Equa-
tion 9.30. The deformation modes corresponding to these values are presented in Figure 9.10. The reader is
referred to Appendix E for a complete overview of experimental results.

Txll Txlz
Ty Ty,

Y11 lel Tle TZ12
Y = and Yy = (9.30)
Y21 YZZ 11 12

Rle

-

Ry, Ry,
Rzll RZIZ
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Figure 9.10: Modes of deformation [8]: (a): Tz, (b):Tx,y, (C):Rx,y, (d):R,

9.5.1. Drivingpoint Receptance

)

The drivingpoint receptance magnitude and phase are presented in Figures 9.11 and 9.12 respectively. The
receptance is obtained from accelerance by applying Equation 9.7. The diagonal terms are plotted for a first
analysis of the obtained results as shown in Equation 9.30.

Figure 9.11:
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Figure 9.12: Phase of Drivingpoint Receptance

Observations:

1.
2. The magnitudes show a slope of -2 before and after the (anti-)resonance region.

3.

4. Near zero Hertz, all but R, shows flattening behaviour for the magnitude. At the same frequency

6.
7.

Ty =Ty and Ry = Ry
The high frequency mass-line is a factor higher than the low frequency mass-line.

the phase starts to go from =~ —180° to =~ 0°.

. An additional anti-resonance is observed for R, and R). The anti-resonance is located at the

same frequency region as where the (anti-)resonance is present in Ty and T.
(Anti-)resonances peaks are rather flat.
Minor deviation in magnitude and phase for the symmetric values (T, Ty, and Ry, Ry).

Physical Explanation:

1.

The AIB-structure is symmetric with respect to the x- and y-axis. The receptance in (Tx = T}),
and around (Ry = R)) these axis are therefore expected to be equal. The experimental results
confirms the symmetry assumption.

. The -2 slope is a character of the mass-line in the frequency domain®. Before and after the (anti-

)resonance region the dynamics are dominated by the mass of the two crosses. It can also be
declared with high and low frequency behaviour shown by Equation 9.22 and 9.23 respectively.

. The factor-difference between the two mass-lines can be explained by uncoupling of the two

masses. After the resonance frequency the motion of mass 2 is uncoupled from mass 1. This
makes it easier to excite mass 1 resulting in a higher valued receptance. It can also be declared
with high and low frequency behaviour shown by Equation 9.22 and 9.23 respectively which show
a factor 2 difference with the same slope.

. At low frequency unwanted stiffness and damping are interfering with the structure dynamics.

The stiffness and damping are introduced by the elastic cords. The effect is best observed in
direction of the elastic cords (7). The effect is least observed for R, because this rotation is
perpendicular to the elastic cords. The low frequency difference can be explained by the low
frequency of the experimental model presented in Equation 9.28.

. It shows there is a clear coupling present between the individual DoE
. The flat peaks are a result of damping within the structure. The damping is obviously introduced

by the rubber material.
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7. The high frequency difference can be clarified with the fact that the dynamics of the crosses
comes into play. The virtual points dynamics of the aluminium cross is presented in Figure 9.13.
Above 3000 Hz the first resonance frequency of the cross is observed at the separate measure-

ment. To simplify manners, the results are therefore observed up to 3000 Hz. Up to this frequency
it is reasonable to assume the crosses behave rigidly.

%https://ocw.tudelft.nl/wp-content/uploads/4.DynamicsofMotionSystems.pdf
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Figure 9.13: Receptance Magnitude of the cross

9.5.2. Transfer Receptance
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In this section the experimental results for the transfer receptance Y»; are presented. The magnitude and
phase of the diagonal terms of Y, are shown in Figure 9.14 and 9.15 respectively.
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Figure 9.14: Magnitude of Transfer Receptance
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Figure 9.15: Phase of Transfer Receptance

Observations:
1. Ty = Tyand Ry = Ry,.
2. The magnitudes show a slope of -2 before and -3 after the (anti-)resonance region.
3. Near zero Hz, all but Yz, shows flattening behaviour for the magnitude. At the same frequency
the phase starts from = —180° to = 0°.
4. Closely located resonance frequencies of Ry, , at ~130 and ~200 Hz.

Physical Explanation:
1. Expect due to geometrical symmetry of the object.
2. Decoupling of the two masses after the (anti-)resonance region.
3. As previously shown this affect is caused by the mounting for which elastic cords are being used.
4. The second resonance frequency is also observed for Ty,,. One can relate to the tension side of
the deformation mode where as the other is a result of the compression side.

9.5.3. Transfer-Stiffness

In this section the results for the transfer stiffness’s are presented. The transfer stiffness is obtained by invert-
ing the experimentally obtained receptance. A more in-depth view is presented in Section 10.2.1. In general
it can be said that the results are very consistent. Up to 600 Hz Ry, shows behaviour which does not compare
to the other results. The results are not observed for the comparable DoF of the receptance matrix. It can be
said that the behaviour is a consequence of the matrix inversion.
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Figure 9.17: Phase of Transfer-Stiffness

9.5.4. Drivingpoint-Stiffness

To complete the presentation of the experimental results the drivingpoint-stiffness is presented. The results
for the magnitude and phase of the drivingpoint stiffness are presented in Figure 9.18 and 9.19 respectively.
A more in-depth view on the drivingpoint-stiffness is found in Section 11.2.
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Material Model Optimization

Section 10.1 goes more in detail on the optimization method and which experimental data is used as a ref-
erence. Finally in Section 10.2 the results for the optimized moduli and transfer-stiffness are presented. The
results are compared to the benchmark test which is done with the initial material data.

10.1. Optimization approach

In this section the used optimization method is further defined. First it is presented which material parame-
ters are optimized. After this the used error function is presented which is used for the afterwards presented
optimization function. Finally it is presented which elements of the stiffness matrix are used for the opti-
mization.

10.1.1. Material model parameters
In the FE model a viscoelastic material model is used. For the initial viscoelastic data is obtained from a
Dynamic Mechanical Analysis from other research, as presented in Section 8.3. In the DMA the storage and
loss moduli are obtained. The DMA data is translated to tabular data which can be handled by Abaqus as a
viscoelastic input. Tabular data is chosen because it enables one to apply point-wise optimization instead of
considering the whole frequency range as other material models such as Prony series require. The tabular
input is obtained by Equation 10.1 where Gg, G; and G, are the storage, loss modulus and infinite modulus.
The infinite modulus describes the near static behaviour of the rubber.
G
wRE(g) = —-
Goo G (10.1)
N
wIM(g) =1 O
Although Equation 10.1 is a bit misleading, the dominant dependency of the dynamic stiffness with respect
to the moduli values is as follows;

RE(Z) = f(Gs, Go)

(10.2)
IM(Z) = (G}, Go)
which results in:
Z" = f(Gs, Gy, Go) (10.3)

The long term shear modulus is determined by making use of the rubber hardness. Relations are found in
literature as presented in Section 8.3. Using the relation of Kohler to obtain the shear modulus results in:

Goo = 0.86(1.0455) =11.047 [MPa] (10.4)
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10.1.2. Optimization method and objective function

In this work the Matlab optimization tool surrogateopt use being used. The Surrogate optimization is a global
solver for time-consuming objective functions. The solves searches for a global minimum within the range of
the bounded inputs G, and G;. The storage and loss shear modulus represent the rubber material properties.
The solver is capable of handling nonsmooth objective functions as expected in this work.

The used error function is an addition to the RMSE function. In this work it is found that the optimization
tool performs best when separating real and imaginary parts. The error functions for both are combined to
come up with the following error function:

1 1
J(Gs,Gp) =~ \/ (Re(Z,) —Re(Ze))” + Z\/ (Im(Z,,) - Im(Z,))* (10.5)

where Z,, and Z, are the numerical and experimental stiffness and 7 is the number of obtained data points.

A coarse material model optimization is applied. The moduli must behave in a continuous manner with
respect to frequency as shown in Section 2.3.1. Interpolation is applied to obtain material data in between
the obtained points. The approach consist of a coarse optimization at every n-250 Hz, with a maximum
frequency of 3000 Hz. Leading to 13 optimized points.

10.1.3. Stiffness matrix element selection
The complete dynamic stiffness matrix consists of 144 elements. Using all elements means that numerically
also all transfer stiffness values need to be obtained. The required number of simulation is defined as:

#sim=C-1 (10.6)

where i is the number of iterations of the optimization and c is the number of columns of Z that is required.
To reduce the optimization time it is chosen to use one transfer stiffness value to be optimized. The first goal
is to minimize the number of reference values. The chosen stiffness values must be;

* relative easy to extract from experimentally obtained receptance matrix Y
¢ least sensitive to experimental measurement errors
¢ least affected by the inversion of receptance matrix Y

It is known that the driving point stiffness is affected by the mass that is attached to the structure in the ex-
perimental setup. For obtaining the drivingpoint-stiffness Z!, from Z:/® complex decoupling methods are
needed which depend on the dynamic stiffness of the attached structures. Because these complex meth-
ods are beyond the scope of this research, the driving point stiffness (Z{/® and Z;4'®) is not used for refer-

ence.

The transfer stiffness (Z12 = Z,;) is known not to be affected by the attached structures. The transfer stiffness
can be obtained from the experimental results in a direct manner known as inverse substructuring[73]. The
experimental results can be inverted as mentioned previously: The dynamic stiffness is now determined by:

Z(w) = Y(w) ™" (10.7)

As in the work of Haeussler et al. [27], Relation 10.8 is used to obtain a comparable measure. It relations states
that the experimentally obtained transfer-stiffness does not on the properties of the attached structures. This
indirectly means the experiment is directly comparable to the numerical model in which these masses are
not incorporated.

Inum _ AIBGXP Inum _ AIBEXP
75" =7, and Z,1'" =Z,, (10.8)

The goal is to further reduce the number of transfer stiffness elements. The cross stiffness values are located
in the off-diagonal elements of the transfer stiffness matrix. These stiffness values are typically hard to deter-
mine in an experimental fashion. The cross stiffness values are most vulnerable for measurement errors such
as;

e minor directional impact errors
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* sensitivity of accelerometers (high signal-to-noise ratio)
» orientational placement error of accelerometers

As aforementioned the diagonal terms have a strong link and are therefore least sensitive to measurement
errors. The most trustworthy stiffness values are therefore the diagonal values of Zg‘ll B consisting of three
translations and three rotations. These values are also known as the direct transfer stiffness. These six stiffness
values give a good reference with respect to the numerical values.

[ZTx Zry Zrz Zrx Zpry ZRZ] (10.9)

The large dynamic stiffness matrix originally contained 144 elements. With the previous analysis these are
reduced to the 6 most qualified stiffness values that are to be used as reference values for the error func-
tion.

10.2. Results

In this section the results are presented for the material model optimization process. At first the optimized
transfer-stiffness is presented after which the new moduli values are presented and evaluated.

10.2.1. Benchmark

In this section the initial numerical and the experimental results are compared. The transfer-stiffness matrix
is used as a relative measure. The main goal of this is to define how the initial material model parameters
perform within the numerical model. The performance is analysed with respect to the diagonal terms of the
transfer-stiffness. These are proven to be the most trustworthy elements of the stiffness matrix. Figure 10.1
and 10.2 show the magnitude and phase for the translations and rotations.

Ty
TJ/
T.
z
Zo = R (10.10)
X
RJ’
R;
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Figure 10.1: Numerical results obtained with the initial material data
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10.2. Results

Observations |Z,|:

1. In general the moduli are expected to be overly stiff.
| increases to much at higher frequencies.

2. Inthe observed frequency range |Z5;

num

3. Due to symmetry | T7"™| = IT;,“““I and |RY"™| = IR;,“““I
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Figure 10.2: Numerical results obtained with the initial material data

Observations /Z,;:
1. In general the numerical phase shows large deviation from experimental results. Deviation in the

phase indicates a wrong aspect ratio between the storage and loss modulus.
2. Due to symmetry ZT"™ = ZT)"™ and ZRy"™ = LR

It is shown that the used moduli in general is to high. In the next section it is shown how the optimization

method is applied.

10.2.2. Optimized Transfer-stiffness
In this section it is presented how the optimization performs at the individual frequency points. The opti-

mized moduli are used for again comparing numerical and experimental results. The simulations are exe-
cuted at the same frequency points at which the optimization is done. The moduli are found with an opti-
mization that used the diagonal transfer-stiffness Ty * as a reference value. The results are again presented
in terms of the magnitude and phase of the dynamic transfer-stiffness. The presented results in Figure 10.3
and 10.4 show that the numerical model is significantly improved with respect to the initial model.
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Figure 10.3: Optimized material model performance with respect to the experimental values of |Z; |

Observations |Z,|:

1. The optimized moduli significantly improves |Z;;™|. In general 7", T"™ and RY"™ outper-
form T)Y™ and R}"™.

2. The reference stiffness Ty ", used for optimization, has a stiffness decrease at 2500 Hz. Optimiza-
tion point "250 Hz" is located at the resonance frequency. The optimized moduli adepts to these
situations which results in an offset in the other stiffness values. Using a second optimization
with respect to Tpr, or the average of Ty * and T;Xp, is expected to improve overall performance.

3. Optimizing the moduli with respect to 7" leads to a perfect prediction of R;}“m. Observing the
results and due to geometric symmetry the same relation is expected between Tpr and R7"™.
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Figure 10.4: Optimized material model performance with respect to the experimental values of ZZ5;

Observations /Z,;:
o Co . YR
1. The optimized moduli significantly improves ZZ5; o

2. The phase perfectly follows the reference value £ 7T, ™.
3. After f = 2250 Hz the phase of T;'® is decreasing less than T,"*. Therefore Ty"™, R}"™ and R}"™

lacking the phase flipping around this frequency.
Again optimizing with respect to an average of Ty * and T;XP is expected to improve the perfor-

mance of the other stiffness values.

10.2.3. Optimized moduli
It is previously shown that the optimization method is able to adept to the experimental results. The opti-

mization values used to come to these results are further analysed. The moduli as a function of frequency are
presented in Figure 10.6. The figure also presents the final error of the objective function J. The 0 Hz point is
not used because the experimental results are affected by the imperfect experimental conditions.
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Figure 10.5: Modes of deformation [8]: (a): Tz, (b):Tx,y, (¢):Ry,y, (d):Rz
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Figure 10.6: Optimized storage and loss modulus G?I;t with respect to T

Observations G‘s”;t:

1. The gradient of the storage modulus behaves as in found in literature and previously described
in Section 2.3.1.

2. In Equation 8.5 a static shear modulus of G, = 11 MPa is determined that should correspond
to the hardness value of the rubber. The lowest optimization point is at 250 Hz in which
Goo = G5 = 8.08 MPA is found. The difference can be declared by the fact that the optimiza-
tion point is located at the resonance frequency of the rubber object. The modulus is therefore
underestimated.

It is shown that the optimization method is able to generate a reasonable optimized viscoelastic material
model. The performance is proven to be promising. In the next chapter the optimization is validated by
making use of the drivingpoint-stiffness obtained by both the experiment and numerically.

10.3. Improvements

In this section the performance of the applied optimization is analysed. The coherence function is used
to compare numerical and experimental results. In Figure 10.7a and 10.7b the coherence of the dynamic
transfer-stiffness is presented for the initial and optimized moduli respectively.
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Figure 10.7: The coherence used as a optimization performance measure

Observations:
1. The best improvement is observed for DoF T for which the material model is optimized.
2. In general all coherences are improved by the optimization.
3. Mid frequency region is largely improved by the optimization.
4. DoF T, significantly differs from the others. As previously mentioned T, is most affect by the
elastic mounting. The high frequency coherence of this specific DoF is the only one that is not
improved.
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Validation

In this section the validation process is presented. It is first needed to update the original FE model. In
section 11.1 the additions to the original FE model are presented. With the FE model ready the validation
is presented in Section 11.2. In this section the performance of the optimized material model is validated
with respect to experimental results. The chapter concludes with Section 11.3 in which all the results for the
separate rubber object are obtained.

11.1. Model update

The numerical model is changed to match experimental conditions. In this work the drivingpoint-stiffness
is to be used as the validation measure. With the original FE model the numerical and experimental driving-
point results are not comparable:

oum

ZI"" # Z,quIBEXP (11.1)

With the crosses implemented in the FE model one can say that:

num exp
ZﬁIB ZHIB (11.2)
As aforementioned the drivingpoint-stiffness is affected by the dynamic character of the attached structures
characterized by its;

* MassM,
Only the inertia has to be modelled in order to mimic the dynamic character within an acceptable
margin up to the first resonance frequency of the transmission simulator.

e StiffnessK
The dynamic behaviour of the cross structure is previously shown in Section 9.5.1. In this section it is
emphasized that the crosses are behaving rigid up to 3000 Hz.

¢ Damping C
The damping of aluminium([42] is proven to be minor especially with respect to the damping intro-
duced by the rubber.

It enables one to represent the cross as a point mass located within the virtual point as shown in Figure 11.1a
and 11.1b. The FE simulation uses the controlled displacement as an input. No precaution has to be taken
with respect to triggering non-linearities due to the added mass.
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Figure 11.1: Comparison between numerical and experimental situation

The inertia tensor is acting within the local coordinate system of the virtual point. Inertia values are therefore
adapting to its position within the global coordinate system. The inertia tensor for the cross is obtained from
Abaqus and is given in 11.3. The zero off-diagonal terms are due to the symmetric shape of the cross. Locating
the VP not at the centre of mass will result in non-zero off-diagonal values.

Tx 445.73 0 0
L=l Iy = 0 44573 0 |[[kgmm?| (11.3)

L Izy I, 0 0 835.20

Adding the inertia to a point mass can be done within the FE software Abaqus by accessing the interaction
module and than select "special”. The parallel axis theorem [1] is used if the VP cannot be located within the
centre of mass of the attached structure.

11.2. Drivingpoint-stiffness validation
The FE model that includes the inertia enables one to validate the performance of the optimization method.
In this section the drivingpoint-stiffness Zf‘lf B™™ of the optimized material model is presented. The results

are validated with respect to the experimental Zﬁl B*P The magnitude and phase are presented in Figure 11.2
and 11.3 respectively.
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Figure 11.2: Comparison of numerical mass model and experimental drivingpoint-stiffness
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Figure 11.3: Comparison of numerical mass model and experimental drivingpoint-stiffness

Observations:
1. The magnitude of the optimized model follows the experiment within a respectable margin.
2. f=0-500 Hz: Due to a coarse simulation it cannot follow this behaviour.
3. The FE model is not able to follow the stiffness dips present at around +2500 Hz.
4. The increase of phase as a function of frequency, seen at Ty.), Ry, and RZ™, is not represented

by the optimized FE model.

Numerical Explanation:

1. The results do not yet prove the optimization is correct. One conclusion that can be taken is
that the crosses can be modelled as a point-mass which only represent the inertial values, but
ignoring damping and stiffness.

2. A finer optimization and simulation is needed to conclude the performance in this frequency
region.

3. The effect of the material properties seem to have a minor effect on the drivingpoint-stiffness.
|ZAIB*?| is dominated by the mass of the crosses.

11
4. Ttis expected that the phase offset is resulting from the damping of the elastic cords.

The coherence, of the initial and optimized model, with respect to the experiment is used to validate perfor-
mance:

. _ AIB™™  ATB™P AIB™™ , ATBP
Coherence improvement = coh(Z{y | ', Zi;~ ") —coh(Zjy, . Z{;" ) (11.4)

where the coherence between two complex signals is given by the following formula:

N x+yx*+y")
o 2(xx*+yy*)

coh(x, ) (11.5)
where x* is the complex conjugate of x. This formula is able to compare two signal by considering both
amplitude and phase.

The results are presented in Figure 11.4. A clear performance improvement is observed in the first halve of
the frequency range. In this work the multi-KHz range is considered and as a result the effect of inertia on
the dynamic drivingpoint-stiffness dominates the material properties of the vibration damper. This effect
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is shown in Figure 11.5 in which the drivingpoint-stiffness is presented with changed stiffness and damping
values. Again the one DoF double-mass-spring-damper system is being considered. It can be concluded that
the region around the dip is most sensitive for the change in damping and stiffness (material properties). The
dip is a result of a resonance which can be observed in the receptance and its location is determined by the
properties of the rubber object and the mass of the attached structures.
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Figure 11.5: Ztl’i‘se affected by stiffness and damping variations.

It is concluded that the drivingpoint validation is a useful indicator for a limited frequency range. The upper
limit behaviour is dominated by the inertia of the attached structures. The material model optimization
improves results over the full frequency range, only at higher frequency this is less observable.
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11.3. Drivingpoint-Stiffness Rubber

In this section the final results are presented for the numerical drivingpoint-stiffness of the rubber object.
To obtain Z{Tm the inertial values are removed from the FE model. In Figure 11.6 and 11.7 the change in
drivingpoint-stiffness is presented with respect to the initial material model. Apart from presenting the re-
sults it is difficult to conclude on these results. The results are just a consequence of a difference in material

properties.
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Observations:
1. The magnitude and phase are significantly affected.
2. In general the optimized magnitude is lower.
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3. The optimized stiffness is less continuous. The optimized moduli now represents experimentally
observed effects.
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Conclusions and Recommendations

In this section one can find the conclusions and recommendations resulting from the work done in this thesis.
The goal of this research was to provide a new approach to numerically extract material properties through
experimental impact testing. It considers:

¢ Chapter 8: Numerically model the dynamic behaviour of the rubber geometry that is directly compa-
rable to experimental results.

¢ Chapter 9: Experimentally characterize the transfer- and drivingpoint-stiffness of a rubber vibration
damper.

¢ Chapter 10: Numerically mimic the experimental result by optimizing the material model parameters.

¢ Chapter 11: Validate results by comparing the drivingpoint-stiffness obtained from the updated nu-
merical model and experimental results. After the validation the drivingpoint-stiffness KII1 is obtained
from the numerical model.

The results in this work are findings to the following questions:

¢ Can a combination of impact testing and numerical simulation provide a method to obtain rubber
material properties?

* Which experimental conditions are needed to characterize only the rubber object?

¢ Does an impact test method provide good quality data for the optimization?

e Which approach is needed to make the experimental and numerical results comparable?

* Which experimental results are best used as a reference value for the optimization?

e What optimization approach is best for this case?

* Does the optimized material model resembles behaviour observed in literature?

* Can the experimental results provide one with a validation measure?

12.1. Recap

In Chapter 8 the numerical modelling is defined in detail. The Abaqus software is used because of its wide
variety of viscoelastic material models. Abaqus has the ability to be activated by Matlab which is proven
to be very beneficial. The hybrid elements are used to model the incompressible behaviour. The virtual
point method is modelled with a combination of reference points and RBE2 elements. The tabular data
way of modelling a viscoelastic material is used because it enables one to optimize data with respect to one
frequency point.

Chapter 9 described the process of experimentally characterize the dynamic stiffness of the vibration damper.
It shows that the impact method is able to characterize the dynamic behaviour. The results of the diagonal
terms are comparable to a one DoF double-mass-spring-damper system. The elastic mounting, that should
mimic a free-free boundary condition, affects the low frequency behaviour. The transfer-stiffness is obtained
by making use of the inverse substructuring method. The receptance FRFs are good, but the conditioning
number is high at low frequency. The conditioning number causes the matrix inversion to worsening the
results. Especially the rotational transfer-stiffness are proven to be hard to characterize.
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In Chapter 10 the material model optimization is presented. A RMSE function for the dynamic stiffness is pre-
sented which separates the real and imaginary parts. The global optimization method minimizes this RMSE
function. In terms of reference values a reduction is made. The optimization only uses the diagonal terms
of the transfer-stiffness for a direct comparison. Using more reference values leads to physically unrealistic
material behaviour. In this chapter it is proven that the method significantly improves the numerical results
when using experimental results as a reference.

Finally the performance of the optimization is validated in Chapter 11. In the drivingpoint-stiffness a val-
idation measure is found. Up to the first resonance frequency it is sufficient to model the, experimentally
used, transmission simulators with only its inertial values. Adding the structures to the FE model makes
the drivingpoint-stiffness directly comparable to the experimentally obtained values. It is found that the
drivingpoint-stiffness can only be used as a good validation measure at low frequency. The validation fre-
quency range is limited by the first resonance frequency of the object. The object in this case study has its
resonance frequency below the first optimization point. The low frequency results, affected by the mounting,
are not useful to be optimized.

12.2. Conclusions
In this section the conclusions for this work are presented. The conclusion is subdivided in three main topics,
namely:

Numerical

e Virtual point modelling is proven to be a good method to;
— obtain concentrated results at a location that fits the needs of the user.
— enables one to directly compare numerical and experimental results.
— provide a way to overcome the problem of numerical sparse stiffness matrices.
* DMA data is used to describe the relaxation behaviour. Results from other research is sufficient for
obtaining initial material model parameters.
¢ In the FE model, the dynamics of the transmission simulators can be simplified to only its inertial val-
ues. One can obtain the drivingpoint-stiffness without applying complex decoupling methods.
¢ Due to symmetry of the object one is able to reduce the number of simulation from 12 (all DoF) to 4
(Tx/ Ty, Tz, Rx/Ry and Ry).
¢ The method presented in this work provides a way to predict the, hard to measure, rotational stiffness
values while experimentally only translational stiffness needs to be characterized.
* A weak link is observed between some DoF of the stiffness matrix. This must be taken into account
when analysing the results. In particular the phase is sensitive for numerical noise. The weak DoF are
also sensitive for meshing variations. This work presents a measure for detecting these weak links.

Experimental

¢ The dynamic transfer-stiffness can be obtained in an experimental way by making use of the impact
method.

» Atlow frequency the measured receptance is affected by the elastic mounting. The directions in parallel
to the elastic cords are affected the most.

¢ Both the drivingpoint- and transfer-receptance show behaviour equivalent to a one DoF Double-mass-
damper-spring-system. Only the rotational receptance Ry, Ry show a significant cross-coupling with
the translation T, T),.

e Itis not possible to measure drivingpoint- and transfer-receptance within the same measurement. The
force is limited due to sensor limitations. The impact force must be small enough to not overshoot the
sensors located at the impact side, but the force must be hard enough to get a good noise-to-signal
ratio. It is found that both conditions cannot be met with a consistent impact force.

* The conditioning number is high at low frequency which results in worse performance of the inverse
substructuring method. The effect of this is best seen at the rotational transfer-stiffness.

Optimization

¢ The Surrogate solver is used to find the absolute minimum with bounded inputs. In contrary to other
methods, the Surrogate solver is not dependent on the initial values. This makes the solver more robust
than others.
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The results show that the optimization method is able to improve the numerical transfer-stiffness with
respect to the experimental results.

The optimization method automatically includes geometry- and loadcase-specific stiffness effects. In-
cluding these effects makes the material model case specific. The method expands the standard nu-
merical capabilities where these effects are not taken into account.

The results shows that the deformation mode for obtaining T, R, and R, are highly affected by the
Poisson’s ratio used in the FE model. The numerical dynamic stiffness is very sensitive to small changes
in the Poisson’s ratio.

The advised Poisson ratio leads to optimization values which yield unrealistic material behaviour such
as negative moduli. Lowering the Poisson ratio is a method for obtaining physically reasonable values.
The experimental drivingpoint-stiffness is not a good validation measure. The behaviour is dominated
by the inertial values of the attached crosses.

For point-wise optimization the viscoelastic tabular data is a good way of defining material properties.

12.3. Recommendations

In this section improvements for both numerical and experimental methods are provided. The recommen-
dations are resulting from the limitation found in this research and the opportunities for futures ones.

Numerical

It is advised to use more computational performance. It enables one to perform the optimization at
more frequency-points, apply a finer mesh or reduce computational time. The objective function in-
cludes the simulation. Finding a minimum is therefore time consuming.

Fine low frequency optimization is needed to use the drivingpoint-stiffness as a good validation mea-
sure. The validation can take place at and around the resonance frequency of the measured object.
The moduli should be continuous. Applying curve-fitting to the obtained moduli can minimize the
dependency on the geometry and loadcase. Performance of the moduli in other loadcases is expected
to improve.

The Surrogate solver enables one to use parallel computing, which could significantly improves com-
putational efficiency. The main challenge is to edit variables in files that are not handled simultaneously
due to the parallel computing.

Precaution needs to be taken before analysing phase results. If the magnitude is very low, numerical
noise can significantly affect the obtained phase. In this work a simple symmetry check is sufficient to
detect the strong values. Also the presented relative measure is a good indicator for strongly linked DoE

Experimental

One can improve the accuracy of low frequency results by optimizing the mounting. The cords should
apply minimal force and moment to the structure. Also the elastic properties of the cord with respect
to the mass of the structure needs to be chosen such that decoupling takes place at lower frequency.
The use of more sensors is preferable. The experimental effort can be reduced significantly and results
are expected to be more consistent.

The experiment lacks the ability to obtain drivingpoint- and transfer-stiffness simultaneously. Due
to damping there is a large difference in acceleration between the driving- and transferpoint. A hard
impact leads to overshoot in drivingpoint sensors and a soft impact results in a high SNR in the trans-
ferpoint sensors. If one can use larger range accelerometers at the drivingpoint, it can prevent the
sensors from overshooting. The excitation force can therefore be high enough to get a good SNR at the
transferpoint accelerometers.
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Theoretical Background

A.1. Virtual Point Theory

Before observing the FRFs some more background information.

* The goal of a set of impacts is to trigger all six DOF of the virtual point. This means that three transla-
tions and rotations need to be activated by the set of impacts. Translations are triggered with the right
impact direction, however the rotations are sensitive for location. Further away from the virtual point
a larger moment can be created. There is a negative side effect to placing these impacts further away
from the virtual point. The virtual point transformation assumes that there is a local rigidness. This
means that the structure located between impacts and sensors is infinitely stiff. When placing the im-
pacts further away form the virtual point this assumption becomes less reasonable. A compromise has
to be found between creating good momentum and not locating the impacts to far away.

* As for the impacts, the sensors must be able to detect three translations and rotations. More than two
3DOF sensors need to be used for fulfill these demands. The placement of sensors is also a compromise
between a stronger signal and observing more rigid behaviour.

¢ The relevant matrices that are constructed are the R and T for both sensor and impact transformations
towars the virtual point (VP). These matrices are placed within the IDM structure that stands for Inter-
face Deformation Modes matrices. Left and right multiplication IDM,,.T-Y A- IDMjp.T results in the
transformed FRF matrix.

The a-structure is made of a solid piece of aluminium. It is a asymmetric structure and a FE model is available
which makes is possible to evaluate result in terms of FRFs. A virtual point is constructed at the long foot of
the a-structure.

The goal is to determine the dynamic properties of the A-structure captured within the virtual point. Captur-
ing the dynamics in one point gives the opportunity to easily couple it with other structures. With multiple
companies working on the same object makes this a very powerful tool. A virtual point is a non-existing point
at which displacement or forces in six DoF can be obtained or applied. The six DoF are three translations and
three rotations. Sensors around the virtual point will determine the local displacements that are triggered by
the applied impacts. Typically the structure around a virtual point is assumed to be very stiff. This assump-
tion will be used to transform sensor and impact data to the VP. The placement of three sensors with three
DoF will results in a 9-DoF receptance matrix. With the so called Interface Deformation Mode (IDM) filtering
process the local rigid behaviour is extracted from the full dynamics. A result of this filtering is that only lo-
cal rigid behaviour is left for being coupled. The goal of a virtual point is to define the nodal 6x6 receptance
matrix that describe the dynamic responses between the VP displacements and forces.

In formula the following can be written down. A schematic overview of a virtual point transformation can be
seen in Figure A.1. The classical FRF matrix Y describes the relation between impacts and sensor channels at
there specific locations.

u=Yf (A1)
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Figure A.1: VP example [68]

Again assuming local rigidness, the displacement can be described as:
u=Rq+pu (A.2)

where R captures the IDMs with modal coordinates g.
v v v 14 v v T
q=\49x 4dy 49z 4dg, 49p, Yo, (A.3)

Because the IDMs describe less DoF than the total number of interface DoF, a residual on the displacements
pis added. R can also be seen as a frequency independent mode shape matrix and p describes the flexible
motion. The R matrix is used to compile a transformation matrix 7 which can transform sensor displacement
to VP displacement. The R-matrix describes the direction and effective moment of a sensor channel or impact
in relation to the VP DoE

g=Tu with T=R WR™'RTW (A.4)

where W is usually a identity matrix. It can be used to give weighting values to individual displacements with
the goal of error minimization. It can control the importance of a certain DoF for the transformation. With
the W-matrix being identity T becomes (RT R)"'R”. Again the matrices need to be constructed but now for
the transformations of the set of impacts.

f=TTm=wTRRTWR)'m (A.5)

For this section the transformation matrix 7T is an important indicator. It represent the contribution of indi-
vidual impact or sensor channel to a certain DoF of the VP. The T matrix is row-wise build up of the DoF of
the VP and column-wise by the individual impacts.



Parameters

B.1. DMA data
B.2. Material model

Table B.1: Prony parameters obtained from the work of Roylance [58]

M; | 16 4.3 2.0 0.8 0.75 0.45 0.09 0.15 0.10 (Mpal]

T; 3.333e-8 | 1.538e-6 | 2.000e-5 | 5.000e-5 | 4.000e-4 | 2.857e-2 | 6.667e-1 | 3.333e0 | 2.500e3 | [s]

Table B.2: Magnitude of low frequency shear modulus obtained from the work of Gil-Negrete et al. [26]

Hardness [Shore A] | |G*|
40 0.6

50 1

60 2.9-3.6
70 6-7.8

Table B.3: Parameters for the fractional derivative viscoelastic model obtained from Gil-Negrete et al. [26]

Hardness [Shore A] | G, [Mpa] | Ggq Mpal | al-] b [Ns® /m?]
50 NR 6.926x10° | 5.79x10° 0.479 | 560x103
70 NR 1.665x10% | 7.99x108 0.382 | 8.25x10%
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B.3. Equipment

B.3. Equipment

B.3.1. Sensor specification-sheet
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B.3. Equipment

B.3.2. Hammer specification-sheet
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Impact variation effects on untransformed
FRFs

In this section so called experimental pre-knowledge is created. This section is used as a pre-analysis and is
used to created knowledge that will improve experimental results. The created knowledge will prevent the
usage of wrong impacts and sensor location. The variations that are possible and being analyzed are;

¢ Impact and sensor positional error
* Impact and sensor directional error

The analysis is done by making use of the Vibes Matlab Toolbox. The Vibes Matlab Toolbox is later referred
to as just the Toolbox. This toolbox makes it possible the create a virtual point with a FE model. In short the
following steps need to be done in order to come up with a virtual point in the Toolbox.

. Load FE model

. Create modal model including damping

Apply correct impacts

Mount a minimal of three sensor at correct locations
. Obtain FRF data from impact to sensor

. Construct relevant matrices

. Constructed transformed VP FRF matrix

N U A WD

A more in-depth explanation of the individual steps can be found in the upcoming section. The Vibes toolbox
is a very useful tool that is used to observe effects of different variations previously mentioned. The Vibes
Toolbox makes it possible to place sensors and impacts within a virtual environment. At first the effect impact
position and location will have on the Frequency Response Function (FRF) will be observed, assuming there
are.

C.1. Effect of Impact Position

Most experimental errors are introduced by humans. Examining the effects of known human measurement
errors within a virtual environment is a save way to develop knowledge and draw conclusion that are not
affected by any other external factors. By precisely controlling the variables will improve the quality of the
obtain experimental data.

In this work the focus lies on the errors between actual impact position and direction in with assumed to the
intended ones. By making use of the Vibes Toolbox a script is created that can vary position and direction of
an impact. This will be used to observe the effects of the errors on the obtained FRFs.

Within the script the position is randomly varied around the intended impact position. Figure C.1 shows
the effect on the FRF connecting impact 5 to sensor channel 2 in y-direction. In this section so called direct
FRFs are analysed and not the virtual point FRFs. Lessons can be learned from the direct FRFs and no IDM
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Figure C.1: Mishitting effect

filtering has taken place which makes the observations more raw. This sensor channel shows behaviour that is
observed for most of the other channels. The following results are found for a positional impact error:

Observations:
1. No resonance frequency offset
. Anti-resonance frequency offset which increases at higher frequency
. Magnitude difference over full frequency range
. Magnitude order flips after resonance peaks
. General shape of FRF is minimally affected

O B W N

Explanation:

1. Aresonance peak is located at a natural frequency of the structure. A real structure has an infinite
number of natural frequencies whereas a FE model has limited natural frequencies depending on
the number of DoF of the model. The natural frequency is a frequency at which the structure res-
onates resulting in a large amplification of the input. At every natural frequency the structure
moves in a so called mode shape. The FRF of the structure is the summation of all the individual
modes acting strong in the region of their natural frequency. A resonance peak of the structure is
a result of a dominant resonance peak of mode shape i. How an FRF is obtained from a combi-
nation of two mode shapes can be seen in Figure C.2.

e It can be said that one dominant mode shape is responsible for a resonance peak in the
complete system. The fact that only the magnitude of a triggered mode varies is the reason
why the resonance peak does not shift due to an impact error.

2. An anti-resonance peak is different for the fact that it is a result of merging the FRFs of all mode
shapes. The anti-resonance is created when the dominant mode shape that has already occurred
is filtered by an out of phase upcoming dominant mode shape. A graphical representation of
the previously mentioned can be observed in Figure C.2. The anti-resonance is located at the
frequency where the magnitude of the two mode shapes are equal and therefor cancel each other
out resulting in a sudden very low amplitude. It can be said that the anti-resonance region is
affected by;

* Position of resonance peaks located before and beyond the location of the anti-resonance.

* Magnitude of both mode shapes.

Again observing the obtained FRF it can be said that resonance frequency is not affected and
therefor not the reason for the anti-resonance shifting. The magnitude and to be more specific
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the relative magnitude between the two modes are expected to be responsible for the frequency
shift of the anti-resonance. This is reasonable because the structure is excited differently due to
changing impact positions. The magnitude at which certain mode shapes are triggered differs
between the impact variations. If one is looking for a set of multiple consistent impacts, at and
the region around anti-resonance peaks are areas of interest.

3. Another interesting observation from the obtained FRF is the fact that the magnitude order flips
from resonance to resonance. Therefor at the moment I do not yet have a physical explanation.

X1/F1 - modes 1 & 2 (+sum)
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Figure C.2: (anti)-resonance build up

Until now all observation can be linked to the degree at which modes are triggered by a certain impact. Yet
what is the reason that the anti-resonance frequency offset increases at higher frequency? Is the magnitude
change of the resonance peaks before and after these anti-resonances responsible for how much the anti-res
frequency shifts? This and more will be further defined in the upcoming section.

The mode shapes of a simple free-free beam as presented in Figure C.3a are used for this guideline. Sensor
and impact are placed at position x; and x; between 0 and L. The value X, at this location is a measure to
which degree a mode n is sensed and triggered respectively. In general sensors and impacts are placed close
together with respect to the relevant structure size. It means that they are also located closely together with
respect to the size of the mode shape. This again means that the level of excitation and measurement of mode
n are near equal.

Lets consider the impact placed at x = 0 and the sensor is placed at x = 0.01. It can be seen that the difference
between magnitude of sensor and impact increases with the mode number as can be seen in Figure C.3b.
Whereas when moving sensor with impact the differences between the modes are not that significant and
also the magnitude varies not that much due to a certain displacement.

Figure C.4 shows the following equations:

X,
Mode Excitation Level = M (C.1)
[ X5 ()]

For a fixed distance d between impact and sensor and moving both with dx the formula becomes:

| X5 (x5 + dx) | X5 (x5)]

MEL(dx) = - (C.2)
[Xp(xs +d+dx)| | X,(xs+d)
Moving only the impact with a distance dx results is the following equation:
X X
MEL(dx) = [ X5 (X)) | X (x5 (C.3)

Xy (xs+d+dx)| X, (xs+d)|
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Figure C.3: Mode Shapes

As previously mentioned the level to which a mode is excited does not vary with respect to dx when relative
distance is a fixed value as represented by Equation C.2. Differences becomes larger when d is small. So
impacts very close to a sensor is very sensitive towards a positional error.

From the MEL value with only moving impact, large differences are observed as a function of the value dx
and the relative distance d.

It is now proven that assuming a modal model, the degree to which a mode is triggered varies when relative
distance between impact and sensor is changed. The Mode Excitation Level does not change if sensor and
impact are positional varied with an equal value. The fact that the MEL varies is responsible for the offset
seen for the anti-resonance frequencies.

Moving both Sensor and Impact

MEL []

B\

0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Moving only Impact

MEL [-]

dx/L

(@)

Figure C.4: Mode Excitation Level

What's left is the explanation for the fact that certain anti-resonances are shifting more than others. It is
therefore interest to consider the same equations as before but examine them for different modes.

The following conclusion can be drawn from the free-free beam example:

» Sensor and Impact location determines to which degree a certain mode is measured and excited re-
spectively.

» Sensor and impact close together show less sensitivity to moving both impact and sensor equally over
the surface.

* Moving both sensor and impact shows less variation as when only impact is moved by the same dis-
tance. Sensitivity increases with the starting distance between impact and sensor.

¢ The ratio between relative distance between sensors and impact and the size of the mode shape is
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measure for the sensitivity. More exact: the distance and the dominant mode shape size for a certain
axes.

The different impact position results in;

* exciting the structure in a different location
¢ changing relative distance with respect to sensor locations

What if the impact offset is taken relative to the sensor position from which the signal is being observed. Re-
sults for this are shown in Figure C.5. The position is varied in parallel with the x-axis of the virtual point as
can be seen in Figure C.5b. A clear relation can be observed between the absolute positional offset between
sensor and impact and the anti-resonance frequency shift. It can therefor be stated that the distance between
impact and sensor plays a dominant roll when it comes down to the anti-resonance frequency shift. Differ-
ences in sensitivity is observed for the anti-resonance frequencies, but they all show a near linear relation as a
function of relative offset. The lines all goes trough zero because they are normalized for the correct FRF with
the corresponding anti-resonance values. The lines do not show the same angle and therefor not every anti-
resonance has the same sensitivity towards the positional offset of the impact. With this results the following
can be concluded:

¢ The position at which the structure is hit is not directly responsible for the observed anti-resonance
frequency shift.

» The relative distance between impact and sensor position plays a dominant roll when it comes down
to the anti-resonance frequency shift.

¢ The lines do not show the same angle and therefor not every anti-resonance has the same sensitivity
towards the positional offset of the impact.

Antresonance #

Retatve Posion ] N s » i
(@) Relation (b) 3D view offset

Figure C.5: Effect of relative positional offset on anti-resonance frequency shift

It is now known that the impact position mainly affects the anti-resonance region. From practical knowledge
it is known that a set of multiple impacts at the same intended location is used to improve results. But how in
general are FRFs influenced by averaging and how does it affect the obtained virtual point transformed FRFs.
In the next chapter a more in-depth view on this is presented.

C.2. Effect of Impact Direction

Apart from the fact that hitting the structure can be done off-position the impact hammer can also hit the
object under a slight angle. In this small study the angle of the impact hammer is varied while the impact-
position is held fixed. This variation is shown in Figure C.6 where the angle of impact 5 is varied within in 3D
environment of the Vibes Toolbox. The angle is varied randomly between +5 around the x- and y-axes of the
virtual point coordinates.

Observing the FRF presented in Figure C.7, between the impact and a parallel sensor channel results in the
following conclusions:

¢ Differences are minimal in terms of magnitude and location of (anti-)resonance frequencies.
¢ Minor anti-resonance frequency offset at higher frequency.
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z

-

Figure C.6: Impact 5 hitting under different angles

The fact that differences are minimal can be explained by the fact that;

* the angle a between intended impact direction and relevant sensor channel is a measure for the sensi-
tivity

¢ the measured signal is the cosa

J a%% = sin is a measure for the sensitivity towards a directional offset

Figure C.8 shows the sine as a function of angle in radians. Taken the case of an aligned sensor channel the
angle is zero and zero is the indicator towards sensitivity. Taken a perpendicular sensor channel, meaning
a = n/2, the sensitivity is at its maximum.

From this observations the following conclusions can be drawn:

¢ Small impact angle offset has large effect of FRF obtained in perpendicular sensor channels

* sina is an indicator for the sensitivity towards a directional offset

* Impact angle error can be detected by low frequency magnitude offset and therefor low frequency co-
herence of perpendicular sensor channels

For this case the sine of the angle is an indicator for how much the perpendicular sensor channels are trig-
gered. A small angle results in a large variation of input magnitude which is assumed to be zero. It is therefor
reasonable to assume that the effect must be clearly visible on a FRF of a sensor channel pointing perpen-
dicular to the intended impact direction. It can be seen from the results in Figure C.9 that the impact angle
error has a significant effect on the perpendicular direction FRFs. The magnitude at lower frequencies show a
significant variation, as a result of the previously mentioned sine of the impact angle which is very sensitive.
The effect is not so continuous as it was for the impact positioning. Looking further ahead these perpendicu-
lar sensor channels are used to construct the cross stiffness’s which are known to be very hard to determine.
It is therefor important to check the lower frequency coherence for perpendicular sensor channels.

One result of a directional error leads to an increase of impact in the directions other than the one hitting
in. Because the angle of impact determines at which direction the magnitude becomes larger, the results of
both other directions needs to be considered. For example when hitting in the Z-direction, the results of the
X- and Y-direction needs to be considered. The absolute magnitude of both FRFs will result in a measure
that can detect directional errors in impacts. There cannot be sought for a minimum because modes can be
strengthened as well as weakened.

IMPACT, = \/FRF; + FRF; (C.4)

It is found that the real value of Equation C.4 is a good indicator for finding wrong directional impacts. Fig-
ure C.10 shows zoomed views of interest for this section. It can be seen that the real value shows great sensitiv-
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ity towards the impact direction. Less disturbance is observed around this frequency for the correct impact. It
is shown that certain frequency regions are extra sensitive for directional variations while at other frequencies
the differences are minor. The degree of sensitivity is indirect effect of the sensitivity of the dominant modes
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before and after this location. The sensitive region can be used for detection of directional misalignment
between sensor and impact.

The regions at which this effect occurs are characterized by the so called flipping, which means that the angle
determines if there first comes a peak or a dip. The region can be found by taking the derivative from the
signal and find where variance is large. These regions are determined with this working principle.

1. determine re[FRFy + FRFy]
2. find variance between a set of impacts
3. search for maximum values and determine corresponding frequencies

1620 1640 1660 1680 2300 2350

Figure C.10: Absolute FRF of perpendicular sensor channels

From this observation the following conclusions can be drawn:

» At the sensitive frequency region of absolute perpendicular sensor channels directional error can be
detected.

¢ Sensitive region can be detected by finding region where derivative shows large variance.

* Orthogonal sensor channels show directional error sensitivity. The degree of sensitivity depends on
how easily the structure is excitated in the direction of that specific channel. A dominant factor for this
can be the inertia of the structure.

Another interest observation is that not every orthogonal sensor channel has the same sensitivity. The chan-
nel which points most towards a low inertia direction shows the most sensitivity. It can be explained by the
fact that the structure is excitated more easily in that direction due to the small angle at which the structure
is hit.

C.3. Averaging of FRFs

In this section the observed effects due to positional and directional errors are considered and it is found how
averaging is affected by these observations.

C.3.1. Averaging a set of positional variations
In this section the focus lies on finding how averaging affects the obtained FRFs. From the previous section
the effects are known and focus lies on these points. First recap which differences are expected;

¢ Mishitting determines to which level the individual modes are triggered, which leads to;
¢ magnitude differences and therefor;
e anti-resonance shifts

Currently the following averaging steps are taken in experimental situations:

1. Standard averaging of multiple hits intended at the correct and same location. Coherence of a set of
impacts is visually inspected for all sensor channels. Low coherence channels are removed.

2. IDM filtering which defines the virtual point FRF from a linear combination of obtained direct FRFs.

3. Step two is done after step one which makes the normal averaging effect being active within two steps.

The first goal is to find answer to the following question:
¢ What local effect has averaging on the position and the magnitude of the (anti-)resonance?

Again the Toolbox is used to vary impact position. One impact is varied over the surface that is hit. To give
a more broader view on the problem multiple plots are used for the analysis: magnitude and phase but also
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real and imaginary values.

The first case is where only error is introduced such that impact position is randomly distributed around the
intended point of impact. The positional offset within a circle of 2 mm around the intended position. Such a
range is picked because it seem a reasonable offset for precise hammering. It can be seen from the plots that
the correct FRF is located in between the range of the maximum deviating FRFs. This leads to the idea that
averaging is reasonable to improve results. Averaging and considering a random impact offset the mean FRF
lead to;

¢ More precise location of anti-resonance frequencies
e Improved magnitude over full frequency range
* Weakened magnitude of actual FRF at (anti-)resonance frequencies

It should be noted that the random error is expected to be the main reason for this method to work. Can we
draw a more valuable conclusion from the results so far? Plotting the anti-resonance frequency offset with
respect to positional offset no direct relation can be observed. Not for offset in x-,y-direction nor the absolute
offset. The position at which the structure is hit is therefor not responsible for the observed anti-resonance
shift.
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Figure C.11: Mean vs. Correct FRF due to positional variations

A normal averaging would result in equal contribution of every impact. With the linear relation observed
between distance and anti-resonance shift normal averaging is able to improve results. The effect of averaging
is presented in Figure C.11 where the transparent lines are variations from which the average is taken. The
general shape of the FRF is also preserved. The effect of hitting the structure randomly around a known
location can be averaged out and results can be improved. It is however questionable is this is reasonable to
assume? Does a person hit the structure randomly around the intended locations? That is questions which
will be answered later on.

C.3.2. A set of directional variations

As for the averaging of positional variations, also the averaging of directional variations needs to be con-
sidered. For example Figure C.12 shows an averaged FRF for a set of directional varied impacts. The most
sensitive sensor channels are the orthogonal ones relative to the impact and the result of such a channel is
presented in Figure C.12. The transparent lines show the individual variations where as also the correct and
averaged FRFs are shown. The large magnitude deviation at the low frequencies results in significant differ-
ence in that region and also at the first (anti-)resonance frequency. Towards higher frequency the difference
becomes smaller and averaging is moving the mean FRF towards the correct one.

¢ Low frequency magnitude offset results in large deviation around the first (anti-)resonance frequency.
¢ Averaging leads to large error at lower frequency.
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Figure C.12: Averaged FRF of directional variations

C.3.3. Coherence check vs. Averaging
It is known from practice that the following is a normal working principle;

1. hit multiple times at intended location
2. eliminate signals that improves coherence, normally check for sensitive sensor channels.
3. use a set of two or three impacts for averaging

A coherence check is used for finding consistent data, which means that the impact excites the same dynam-
ics as others. This generally spoken means that weak or noise signals are removed. It also results in removing
impacts that lie most far away from the set of impacts because this deviates the most from the average. A
consistent set of impacts is created with the coherence check, but nothing can be said if the impacts that are
left are in fact closer to the intended position. Exact position of the impact needs to be determined in a later
stadium.

C.3.4. Random vs. Continuous error

Up to now the error that is introduced is taken as a random offset. From practical knowledge it is however
expected that the offset is not only random but also of a continuous form. Averaging will not lead to finding
an improved FRF of the intended location. The averaged FRF will become more a represent of a location
in the middle of the random error. It is therefore questionable if averaging is useful when also continuous
error is introduced due to human interaction. So averaging can not lead to a FRF positioned at the intended
location. Assuming this is true, averaging generally spoken lead to a weaker signal of an unknown location.
In this work tactics are discussed which are used to find the impact position and these techniques will be
assumed to perform less when averaging is done.

¢ The averaged FRF will become more a represent of the middle of the random error
 Averaging does not lead to FRF of the intended position if continuous error is assumed
* FRF becomes less sensitive for impact improvement techniques

¢ Coherence check leads to removing impacts most far away from the set of impacts.

C.4. Summary

In the previous section effects of varying both position and direction of an impact are analyzed. This means
position along the surface is varied as well as the angle under which it hits the specific surface. This is of
interest because humans are performing the hammering and knowing exact location and direction of the
impact is key for obtaining a good virtual point.
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C.4.1. Positioning variations
For a change in position the following results are being observed,;

¢ Anti-resonance frequency offset

¢ No resonance frequency offset

» Offset gets larger at higher frequency

* Magnitude difference observed at full range of frequency
* General shape of FRF are minimally affected by mishitting
¢ Magnitude order flips after resonance peaks

It is found that the change of relative distance between sensor and impact results in the anti-resonance fre-
quency shift. The magnitude of modes are measured differently which results in a difference that leads to
the anti-resonance frequency shift. A linear relation between relative distance and anti-res frequency shift is
observed where different sensitivity is observed for a multiple of anti-resonances.

For improvement by taking a set of impacts at the same intended location, averaging effects are considered.
It is shown that averaging can minimize the effect of random errors. Because hammering is human work the
assumption that impact position is randomly but equally distributed may not be valid. When also continuous
error is considered, the effect of averaging becomes questionable. The FRF of the intended impact location
can no longer be reconstructed so averaging will only lead to weakened signal of an unknown impact location
due to the continuous error. Averaging can make the FRF less sensitive for techniques for finding exact impact
location and therefor less useful. Considering continuous errors are relevant and significant the following
working principle is advised;

1. Hit structure multiple times at intended location

2. Select a set of high coherence impacts with a focus on anti-resonance frequency regions. A set of high
coherence impacts makes it that good dynamics are triggered. It will not lead to selecting impact closer
to the intended impact location.

3. Precise impact location is unknown and therefor use only one impact of the set for constructing the
virtual point FRFs when impact location search techniques are being used later.

C.4.2. Directional variations

Error can also be introduced by hitting the structure under a slight angle. A change of angle has only minor
effect due to the fact that the change in magnitude in parallel to the intended direction in very small. For
a more intuitive perspective it can be seen as the derivative of the sine and cosine functions. The change
in parallel with the impact is represented by the derivative of the cosine where as the change orthogonal to
the impact is represented by the derivative of the sine. At and around a near zero angle the change (deriva-
tive) of the cosine function is also near zero where as the derivative of the sine function is at its maximum.
This fact makes it that orthogonal sensor channels show large sensitivity towards directional variations of an
impact.

Itis also proven that the orthogonal sensor channels show difference dependency towards to directional offset
of animpact. Itis observed that the channel which points most towards a low inertia direction shows the most
sensitivity. It can be explained by the fact that the structure is excitated more easily in that direction due to
the small angle at which the structure is hit.

Again for the orthogonal sensor channels FRFs are obtained which does not show enough comparison to
think that averaging would result in an improved FRE The large magnitude deviation at the low frequencies
results in significant difference in that region and also at the first (anti-)resonance frequency. Towards higher
frequency the difference becomes smaller and averaging is moving the mean FRF towards the correct FRE
In terms of directional error a method is presented to find for the most optimal impact which is the most
perpendicular impact of the set available. For example when hitting in the Z-direction, the accelerations of
the X- and Y-direction needs to be considered. The absolute magnitude of both FRFs should be minimal at
near zero Hz and can be determined at all sensors. The one impact that shows the lowest value is considered
to be the most optimal of the set of impacts available.



Software

D.1. Software interaction

In this section it is explained how the interaction between Matlab, Python and Abaqus is effectively integrated
with the goal of obtaining the dynamic stiffness as a function of frequency. A list of files that are used during
the analysis:

Original files Created files
* Matlab run file
¢ Matlab optimization file * python script with variables
e Matlab parameter file ¢ .ODB Output DataBase file
¢ Python main script o .txt files with relevant data from .ODB
* function files e .INP input file

Next the working principle is explained by the steps below. The steps are seen from the main run file point of
view:

* Runs parameter file
— variables can be edited in this file. A list of the variables is shown in Table D.1
— viscoelastic data is read from DMA_dataset.txt
— viscoelastic data is transformed to a so called tabular form which can be handled by Abaqus
— relevant variables are written to python script named variables.py
— makes changes to the main script used by Abaqus
o varies BC of the VPs, which cannot be inputted through the variables.py file
¢ Runs Abaqus simulation making use of main python script
— reads variables from the variables.py file
— starts Abaqus with or without GUI
— script for building up the complete FE model
o create cylinder part + two VPs
assemble the parts
apply material properties
create node sets with coupling
create steady state dynamic direct step
apply BC
apply mesh
job submission
© save relevant data by executing save_dyn_data.py file
¢ Determine complex dynamic stiffness matrix
- read data from .txt
— use K_column.m function file to calculate one column of complex dynamic stiffness matrix

Lo I R R R
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¢ Repeat the simulation for all DOF and VPs

¢ Optimize material model data and repeat the process

Table D.1: Editable variables

Variable name Description \ Unit
Material
par.mat.E Elastic modulus [N/mm]
par.mat.poisson | Poisson Ratio [-]
par.mat.rho Density [Tonne/mmA3]
Geometry
par.size.t Thickness cyl. [mm]
par.size.r Radius cyl. [mm]
par.VPVPin Coordinates VP input [mm)]
par.VP.VPout Coordinates VP output [mm]
Mesh
par.mesh.size element size \ [mm)]
Step
par.step.f_points | # frequency data points [-]
par.step.f_min min. frequency of interest [Hz]
par.step.f_max max. frequency of interest [Hz]
par.step.f_bias distribution of points [-]
par.disp amplitude harmonic excitation | [mm & rad]
par.jobname name of job [string]
par.mo run with(out) GUI [string]
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Figure D.1: Flow chart of the software interaction

D.2. Data-processing
The process of transforming the data obtained from the Abaqus simulations to the dynamic stiffness is ex-
plained in more detail in this section. The post-processing starts with the .zxt files written by Abaqus. This
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file contains the complex valued reaction forces and displacements for all relevant DoF of the virtual points.
These are outputted for every step and frequency point.

Multiple steps of the steady state dynamic direct analysis are performed to compute the complete dynamic
stiffness matrix. Within each step a frequency sweep is executed with a harmonic excitation in one DOF
where the others are fixed in their movement. Displacement and reaction forces within the two virtual points
are stored and used.

The basics for the dynamic stiffness calculation are the forces and displacements. The dynamic stiffness
matrix consist of 12x12 elements which are a result of six DOF for each two virtual points. The stiffness
matrix is build up by individual columns that are resulting from each step. All the reaction forces divided
by the displacement of the oscillating DOF result in the column of the stiffness matrix in the free moving
DOE

Due to multiple symmetric properties it is needed to execute minimal number of four simulations. The mag-
nitude and phase of both displacement and force are handled separately. It is therefore needed to calculate
the dynamic stiffness in an alternative way. Magnitude and phase of the dynamic stiffness are calculated with
equation D.1 and D.2.

| fml
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Additional Experimental Results

E.1. Validating matrix symmetry

Averaged Coherence of Experimental Dynamic Stiffness
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Figure E.1: Checking matrix symmetry by making use of the coherence function. The coherence of the full 12x12 matrix can indicate the
consistency of the two transfr-stiffness measurements. The diagonal terms of the transfer-stiffness shows a high coherence value which
is good. In general it is clear that multiple cross-stiffness values are hard to determine.
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