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Abstract
The thesis focuses on investigating and optimizing a bushing script implemented as a tool in MSC ADAMS/Car.
The study provides an insight on the representation of a rubber bushing and identify parameters which can be
used to define the properties of a bushing in a simulation environment such as ADAMS/Car. The tool being
studied here can be used to implement different kind of bushings such as a hydrobushing and a general rubber
bushing, but optimization was implemented for the rubber bushing only.
With an increasing reliance on Computer Aided Engineering (CAE) tools in the designing process, it is necessary
that the vehicle behaviour can be predicted without relying on physical testing. CAE tools reduces the need of
prototypes and provides a faster approach to designing vehicles. MSC ADAMS/Car is one such tool, which has
been used here to predict the vehicle dynamic behaviour, which will influence the ride, handling and comfort
characteristics of the vehicle. Rubber bushings, which have been studied here, have a significant contribution
to the overall stiffness of the vehicle and as such, it is imperative that the tool being used here, is accurate and
makes the designing process easy.
The rubber bushing can be imagined to be a combination of a non-linear elastic spring, a frequency dependent
Maxwell component and an amplitude dependent frictional element. In order to ease the design of the bushing
properties, a reduced number of input properties are used to calculate the bushing properties internally. While
trying to validate the force hysteresis loop obtained through the model with the measured data, it was seen that
the accuracy was quite poor for the model when loading it with dynamic loads corresponding to amplitudes of
0.2 mm and lower. The quasi-static loading and dynamic loading above 0.2 mm is shown to have a satisfactory
accuracy when compared to the measured data.
Keywords: MSC ADAMS/Car, rubber bushing, Computer Aided Engineering, stiffness, measured data, force
hysteresis, dynamic loading
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Sammanfattning
Denna avhandling fokuserar på att undersöka och optimera ett bussningsprogram som implementeras som ett
verktyg i MSC ADAMS / Car. Studien ger en inblick i en gummibussning och identifierar parametrar som kan
användas för att definiera egenskaperna hos en bussning i en simuleringsmiljö som ADAMS / Car. Verktyget
som studeras här kan användas för att implementera olika slags bussningar, såsom en hydrobussning och en
allmän gummibussning, dock genomfördes det endast optimering för gummibussningen.
Med en ökande tillit till verktyg för datorstödd konstruktion (CAE) i designprocessen är det nödvändigt att
fordonets beteende kan förutsägas utan att förlita sig på fysisk testning. CAE-verktyg minskar behovet av prototyper och ger ett snabbare sätt att utforma fordon. MSC ADAMS / Car är ett sådant verktyg som har använts
här för att förutsäga fordonets dynamiska beteende vilket påverkar fordonets köregenskaper samt komfortegenskaper. Gummibussningarna som har studerats har ett betydande bidrag till fordonets övergripande styvhet
och det är därför nödvändigt att verktyget som används här är korrekt samt även förenklar designprocessen.
Gummibussningen kan antas vara en kombination av en icke-linjär elastisk fjäder, en frekvensberoende Maxwellkomponent och ett amplitudberoende friktionselement. För att underlätta utformningen av bussningsegenskaperna används ett reducerat antal ingående egenskaper för att beräkna bussningsegenskaperna internt. Samtidigt som försök gjordes för att validera den krafthystereskurva som erhållits genom modellen med uppmätt
data sågs det att noggrannheten var mindre bra för modellen när den exciterades med dynamiska belastningar
motsvarande amplituder på 0,2 mm och lägre. Den kvasi-statiska belastningen och den dynamiska belastningen
över 0,2 mm har en tillfredsställande noggrannhet jämfört med de uppmätta data.
Keywords: MSC ADAMS/Car, Gummibussning, datorstödd konstruktion, styvhet, uppmätt data, kraft hysteres, dynamisk belastning
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Nomenclature
NOTATIONS
df ddis A six-by-six, double-precision array that returns the derivatives of the six field components with respect
to the six displacement values in the displacement array.
df dvel A six-by-six, double-precision array of the derivatives of the six field components with respect to the six
velocity values in the velocity array
df lag

logical variable that Adams Solver sets to true when it needs derivatives from FIESUB

f ield

A six-element, double-precision array that returns the x, y, and z translational forces and the x, y, and
z rotational forces that Adams Solver applies at the I marker with respect to the J marker.

id

An integer variable that provides the identifier of the FIELD statement requesting information from
FIESUB.

if lag

An integer variable that Adams Solver sets to indicate why the routine is being called.

npar

An integer variable that indicates the number of constants specified in the USER parenthetical list.

par

A double-precision array of constants taken, in order, from the USER parenthetical list of the FIELD
statement.

ABBREVIATIONS
ADAM S Automated Dynamic Analysis of Mechanical Systems
CoG

Centre of Gravity

DOF

Degrees of Freedom

F IESU B Field Subroutine
GU I

Graphic User Interface
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1. Introduction
1.1

Background

Rubber components play a vital part in defining the dynamic behaviour of any vehicle. Various kinds of rubber
components provide an interface between the chassis and the body of the vehicle. With an increasing reliance on
Multi body simulations to design a vehicle and the resources being invested in them, it is absolutely necessary
that the dynamic behaviour be represented accurately. Dynamic simulations which make use of rubber components provide a stiff challenge as their properties vary with amplitude and frequency of disturbances, preload
and temperature. This necessitates the need for a representation of these components which can capture these
dependencies. MSC software provides a tool, Adams/Car, which can incorporate various vehicle dependencies
and helps in designing the behaviour. Adams/Car is an important tool being used in the automotive industry
to study the vehicle dynamic behaviour and can be used to study the behaviour under various manoeuvres,
controller settings and road conditions. A large number of real life conditions can be implemented in this tool
and as such, reduces the need of physical testing.
At NEVS, a tool called RADBUS has been implemented in ADAMS which ensures that different kinds of
bushings can be designed and used for simulations of any vehicle. It allows the designer to choose whether the
bushing should be represented as a linear spring and damper in parallel (a basic representation of a bushing
which can be used when amplitude and frequency dependency can be ignored), a hydro-bushing which is made
up of rubber and fluid elements or a general rubber bushing whose properties are defined in a novel manner
and should be discussed in detail in the following chapters.
An important aspect which is applicable to all bushings being designed by this tool is that it provides a
global representation of the bushings rather than depending on the geometry of the bushing. Also, an error
minimization technique with the help of measured data is difficult to implement in an environment such as
ADAMS. As such, there are certain restrictions when implementing any representation of the bushings in the
simulation environment.
ADAMS provides the user an option to use user-defined functions called subroutines and implement any additional feature for their own use. This involves using a special subroutine called FIESUB, to provide the
necessary means to define the bushing properties through input parameters. The FIESUB is restricted by the
input values it can take and the output values it can provide. An example of how the FIESUB [9] is defined
can be seen below.
SUBROUTINE FIESUB (id, time, par, npar, disp, velo, dflag, iflag, field, dfddis, dfdvel)
The frequency and amplitude cannot be provided directly. As such, it is difficult to model the frequency and
amplitude dependent parts and thus, an alternative to model the behaviour is to use calibration points instead.
The frequency and amplitude influence the displacement (disp) and velocity (velo) parameters. “par” and
“npar” contain the input parameters and “field, dfddis and dfdvel” provides the force, stiffness and damping
values to the ADAMS solver during simulation.

1

Advanced bushing script program in MSC ADAMS

1.2

1. Introduction

Objective

The thesis focuses on providing a basic outline of how the tool RADBUS has been created and its associated
functions, while emphasising on how the rubber bushing is represented in this tool. A fair amount of time was
invested in implementing modifications to the said representation as it involved:
• Developing an algorithm to make necessary changes to the model in MATLAB.
• Implementing the algorithm in FORTRAN which can be used by ADAMS directly.

The present models uses six input parameters which act as calibration points for quasi-static and dynamic
characteristics only. These calibration points help in calculating the necessary model parameters.
The pre-existing rubber model, although had acceptable accuracy, seemed to have dynamic input values being
used for quasi-static parameter estimation. Even though the results were fairly accurate, the algorithm defined
for calculation makes it difficult for the designer to get the required fitting and thus requires investing more
time. Also, a few of the input parameters were tricky to estimate as it is not something the designer is generally
aware of.
Another modification which was implemented was to incorporate the real time frequency to capture the frequency dependency accurately. An algorithm was developed to calculate the frequency through input displacement and velocity and an attempt was made to estimate the frequency dependent parameters instantaneously,
rather than the calibrated value.

2

2. Literature survey
A large number of bushing representations exist, which rely on different input parameters and have different
methods of estimating the bushing properties. This chapter deals with a few pertinent models, which, presently,
are being implemented to define a bushing’s properties.

2.1

Berg Model

The Berg model [1] has been used to emulate the non-linear dynamic properties of a rubber bushing. The bushing
component model consists of three parallel components which are used to represent the elastic, visco-elastic and
frictional dependent characteristics of the rubber bushing element as illustrated in figure 2.1.

Figure 2.1: Representation of a Berg Model. [1]

It takes into account five input parameters for calculating the total force and representing the rubber bushing
component as referred in table 2.1.

Table 2.1: Model parameters used in Berg Model.
Model Parameters
Elastic Property
Elastic Stiffness
Stiffness
Visco-elastic Property
Viscous damper
Maximum frictional force
Frictional Property
Frictional displacement

Notation
Kelastic
Kv
C
Ff max
x2

Units
KN/mm
KN/mm
KNs/mm
KN
mm

The representation presented by Berg does not take into account the non-linearity of the bushing when subjected to static loading cases. However, the frictional part representation (amplitude dependency) is accurately
3

Advanced bushing script program in MSC ADAMS

2. Literature survey

represented. The dynamic properties are not estimated accurately and the model did not provide accurate
damping values as a function of frequency. It does have certain parameters which are difficult to estimate
without measured data and as such, reduces the reliability of its implementation directly into an environment
like ADAMS.

2.2

Dzierzek Model

The Dzierzek model [2] is composed of three major parts : a non-linear elastic element, a frictional element and
a visco-elastic element which can be seen in figure 2.2.

Figure 2.2: Viscous element inspired from Dzierzek Model. [2]

The Non-linear elastic representation of the model as shown in equation 2.1 has a dependency on the thickness
of the bushing. This makes it a difficult model to implement from a design point of view as the designer should
not need to be aware of what the bushing dimensions are when defining its properties. Even if the dimensions
were to be known, it may vary when the bushing is pre-loaded and mounted on the vehicle. Thus, the elastic
representation in [2] is not a desirable one. The amplitude and frequency dependent parameters again rely
heavily on measured or testing data, which is something not available to the designer initially. The number
of input parameters are quite high and thus, it is expected to be time consuming and arduous to define the
bushing properties.

Fe = kt

2dt
πx
tan
π
2dt

The parameters that are necessary to calculate the total force has been illustrated in table 2.2 .

4
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Table 2.2: Model parameters used in Dzierzek Model
Model Parameters
Kt
Elastic Property
dt
K1 ,K2
Viso-elastic Property
C1 ,C2 ,Cv
Ff max
C5
Frictional Property
C3 ,C4
x2

2.3

Description
Elastic Stiffness
Characteristic thickness
Stiffness coefficients
Viscous damper
Maximum friction force
Static frictional force
Frictional coefficients
Frictional displacement

Bouc-Wen Model

The Bouc-Wen model [3] is a nonlinear differential equation model which takes into account the nonlinear
hysteretic behaviour of the bushing element.The model comprises of three parts which are composed of a
spring element, damping component and the parametric hysteretic loop in parallel with each other. The model
representation can be seen in figure 2.3.

Figure 2.3: Representation of a Bouc-Wen model. [3]

The model parameters that are necessary for the calculation of forces in the bushing model is tabulated in table
2.3.
Table 2.3: Model parameters used in Bouc-Wen Model
Parameters
K0
C0
Z

Description
Elastic Stiffness
Viscous damper
The imaginary hysteretic force to
represent the non-linear hysteretic characteristics

However, the algorithm is difficult to comprehend and implement. The imaginary hysteretic force which represents the non-linear characteristics is tricky to define, but can be fairly accurate.

5
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Finite Strain visco-plastic model

The finite strain visco-plastic model [4] is constructed by the addition of a plastic element in series with the
visco-elastic network (represented by numerous general Maxwell components in parallel) as illustrated in figure
2.4.
The model lays emphasis on incorporating the material of the rubber bushing while defining its properties.
The plastic element added to the representation takes into account the energy dissipated when the polymeric
chains are formed and broken, thus affecting the hysteretic characteristics (in terms of energy storage and loss
modulus) over a large range of frequencies and amplitudes.

Figure 2.4: Representation of a finite strain visco-plastic model. [4]

2.5

Kelvin-Voigt

The fractional Kelvin-Voigt rubber bushing model [5] is a combination of three parallel components : an elastic
part, a visco-elastic part realized using a time discrete spring-pot and a frictional element realized using Smooth
Coulomb frictional component defined on the basis of Berg’s model.

6
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Figure 2.5: Representation of a Fractional Kelvin-Voigt model. [5]

2.5.1

Elastic part representation

The elastic part of the model comprises of a linear spring and the force, Felastic , is simply calculated through
the product of stiffness constant (Kelastic ) corresponding to the linear elastic region and the displacement (x).
For the elastic representation, the energy loss per cycle is 0 and as such, does not have hysteresis, making it
only an amplitude dependent contribution to the overall force.

2.5.2

Frictional part representation

The frictional part of the model is represented by a Smooth Coulomb friction force. The non-linearity of
the rubber model is given by the incorporation of the frictional part. The frictional part also reflects on the
amplitude dependence of the model and is independent of frequency. The frictional force Ff depends on the
displacement x over the element and also on a reference state (xs, Ff s ) in the friction force versus displacement
graphs.
The equations associated with the calculation of frictional forces and energy loss can be referred to equations
4.4 and 4.5.

2.5.3

Visco-elastic part representation

The frequency dependent visco-elastic part of the model is represented by a spring-pot where the viscous forces
are modelled by a constitutive equation 2.2, which involves a fractional time derivative given by

Ff req (tn ) = bDα xn ≈ b

n−1
4t− α X Γ(j − α)
xn−j
Γ(−α) j=0 Γ(j + 1)

7
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where, the term Dα x(n) is represented as the fractional time derivative of x(t). The order of time derivative α
normally has values between 0 < α < 1. The previous history of displacement is of major importance as it is
needed to estimate the present value of viscous force.
The constitutive equation 2.2 can further be simplified by fourier transformation into

Dα x(ω) = (iω)α x(ω)

(2.3)

(iω)α = ω α exp(iπα/2 + 2nπα)

(2.4)

where the term iω is given by

These model parameters as illustrated in table 2.4 has been used in the evaluation of viscous force. It has to
be optimized in order to be fitted to the actual measurement values for ranges of frequency which is pertinent
to the ideal automotive suspension.

Table 2.4: Parameters required to estimate visco-elastic force contribution
Parameter
xn
b
α
ω

Description
Displacement at time tn = n4t
Fractional damping factor
Time derivative order
Angular frequency of the input excitation

8

3. Experimental Measurement
To compare the accuracy of different bushing models and any modifications which would have been made, a
specimen bushing had been tested at the facility in NEVS. The testing was carried out on a tensile testing
machine, with a load capacity of 5 kN. An external transducer was mounted with the machine to record the
displacement of the bushing accurately, which can be seen in figure 3.1.

Figure 3.1: Tensile testing machine with an externally mounted displacement transducer

The bushing which is being tested has to be mechanically conditioned (test bushing should be subjected to a
series of large deformation cycles in order to rearrange the molecular structural networks) properly in order to
avoid Mullin’s effect which could lead to inaccuracies in the measurements of the test results. Mullin’s effect
is attributed to breaking of the cross-links between the filler and the elastomeric material, which results in
decreasing stiffness for increasing strain amplitude [6].
An issue with the set up was its inability to provide accurate measurements for dynamic loading cases. The
machine was unable to provide proper data for frequencies as low as 1 Hz. As such, the measured data shown
in the following chapters have been taken from a reference literature source [6] and scaled accordingly for a
cylindrical rubber bushing. All test conditions were assumed to be accurate and the values of stiffness, loss
angle and force were assumed to be reliable.

9

4. Rubber Bushing Model
4.1

Existing Rubber Bushing Model

The rubber bushing was defined as a combination of a non-linear elastic part, a frictional element defined on
the basis of Berg’s model and a visco-elastic element defined on the basis of Dzierzek model.

Figure 4.1: Representation of a rubber bushing

4.1.1

Non-linear elastic element:

The non-linear elastic part 4.2 is represented by input parameters as described in table 4.1.

Table 4.1: A brief description of input parameters.
Parameters
K
x1
x2
c1
c2
Max. K

Description
Linear elastic stiffness witnessed under static loading
Distance measured from 0 to the amplitude which corresponds to the first change in
curvature of the force curve under static loading. ( See figure 4.2)
Distance measured from 0 to the amplitude which corresponds to a second change in
curvature of the force curve under static loading.( See figure 4.2)
Parameter corresponding to x1 and having units N/mmˆ3
Parameter corresponding to x2 and having units N/mmˆ3
Maximum stiffness- combines linear and non-linear stiffness

10
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Figure 4.2: Elastic part representation of a rubber bushing

As mentioned earlier, x1 is measured from the point of zero displacement to a point where the linear static curve
transitions to a non-linear curve. This is much easier to define and can be seen at higher amplitudes of static
loading. However x2 is trickier to define. Being defined from zero displacement to a point where the non-linear
curve changes its trajectory, x2 is always greater than x1 and difficult to estimate as the change in trajectory in
the non-linear region is not visible to the naked eye and needs careful consideration while designing the bushing.
Most bushings would show a change in trajectory beyond the operation region and is generally not defined for
soft bushings.

4.1.2

Amplitude dependent frictional element

The frictional element can be approximated to a smooth Coulomb frictional force and the necessary parameters
to calculate the frictional force has been defined with the help of Berg’s model. Few of the parameters needed
to estimate frictional force are described in table 4.2.
Table 4.2: Brief description of parameters required for frictional element
Parameters
Ffmax
x2
Ffs
xs

Description
Maximum frictional force
Displacement of the bushing corresponding to a frictional force value of Ffmax/2
Reference state force
Reference state displacement

Depending on how the displacement x is related to the reference state displacement xs , the friction force Ff
in the model can be equated to

11
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For x=xs ,
Ff = Ff s

(4.1)

For x > xs ,

Ff = Ff s +

x − xs
(Ff max − Ff s )
x2 (1 − α) + (x − xs )

(4.2)

Ff = Ff s +

x − xs
(Ff max + Ff s )
x2 (1 + α) − (x − xs )

(4.3)

For x < xs ,

where α =

Ff s
Ff max

and ranges from 1 to -1.

For a sinusoidal excitation, the steady state force and energy loss per cycle can be calculated through the
equations 4.4 & 4.5.

Ff 0 =

q
Ff max
( x22 + x20 + 6x2 x0 − x2 − x0)
2x2

Ef = 2Ff max (2x0 − x2 (1 + α0 )2 ln

x2 (1 + α0 ) + 2x0
)
x2 (1 + α0 )

(4.4)

(4.5)

The above parameters are important to calculate as they influence the calculation of dynamic properties in the
model being used here. An important parameter here, x2 can be calculated through different approaches. One
such approach is mentioned in Chapter 5.

4.1.3

Frequency dependent viscous element

The frequency dependent element defined here is a representation adopted from Dzierzek model as depicted in
figure 4.3, wherein there are two Maxwell components (spring and damper in series) connected with a separate
damper in parallel.

Figure 4.3: Viscous element inspired from Dzierzek Model. [2]
12
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The viscous force magnitude depends on the following parameters presented in table 4.3.
Table 4.3: Parameters required for viscous force calculation
Parameters
K1, K2
C1,C2
Cv
ω
X0

Description
Spring components of the Maxwell element
Damping components of the Maxwell element
Damper attached in parallel with the Maxwell components
Angular frequency (rad/s) of the input excitation
Displacement amplitude of the input excitation

The viscous force can be calculated through equations 4.6, 4.7 & 4.8

FvRe = (

(ωc2 /k2 )2
(ωc1 /k1 )2
K1 +
k2 )x
2
1 + (ωc1 /k1 )
1 + (ωc2 /k2 )2

FvIm = ωx(

c1
c2
+
+ cv )
1 + (ωc1 /k1 )2
1 + (ωc2 /k2 )2

Fv =

4.1.4

q
2
2
(FvRe
+ FvIm
)

(4.6)

(4.7)

(4.8)

Input parameters used for the model

Certain parameters such as x2 , F f max, k1, k2, c1, c2, cv are difficult to estimate. These parameters do not
have any standard values, which makes it difficult to design the bushing without having measured or testing
data. From a designer’s perspective, the measured data or testing data should be used for validation at a later
stage. Measured data cannot act as a source of input for the bushing model, as it will only be available once an
initial design of the bushing is tested. As such, certain parameters have been identified whose standard values
the designer could be aware of. These could be referred to as calibration points and are mentioned in table 4.4.
Table 4.4: Input Parameters used for the existing model
Parameter
Frequency
Amplitude
K0
Ff max
Phase
K∗

Description
Calibration frequency, usually chosen as 15 Hz as from the suspension point of view, the
frequency witnessed is generally in the range of 8-15 Hz
Calibration amplitude, usually chosen as 0.5 mm as the disturbance amplitude for the
bushings is generally low and the region of interest does not go beyond 1.5 mm. This
provides a good calibration value for lower and higher displacement amplitudes.
Quasi-static stiffness defined at the aforementioned amplitude value.
Maximum frictional force defined at the aforementioned amplitude value.
Phase angle defined at the aforementioned frequency and amplitude value.
Dynamic stiffness defined at the aforementioned frequency and amplitude value.

With the above mentioned input parameters, it is easier to design the bushing properties as it can be seen that
such values are mentioned in most of the testing data. Although the testing data is not used as a reference in the
design phase, but an experienced designer should be aware of standard values of dynamic stiffness, phase and
quasi-static stiffness rather than the individual model parameters mentioned in the previous section. Although
ffmax is a parameter which the designer would not be aware of, it was being used in the existing tool and
modifications were made for the same, which can be seen in Chapter 5.
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4. Rubber Bushing Model

Fractional Kelvin-Voigt Model

Before any modifications were made to the existing bushing model being used in the plug-in, a study was made
to inspect other global models which have the same level (or improved) of accuracy and are easy to define.
Global models refer to those models which do not depend on parameters such as bushing dimensions (Dzierzek
model given in chapter 2.2) or rubber material properties such as its shear modulus and plasticity (Finite strain
visco-plastic model given in chapter 2.4). One such global model which was studied here was the Kelvin-Voigt
model. In order to compare the accuracy of the Kelvin-Voigt model to the existing model described in the
previous section, a few assumptions were made. The linear elastic part of the this model was replaced by the
non-linear elastic part being defined in the model used in the plugin. The frictional element is the same for
Kelvin-Voigt when compared to the pre-existing model in the plugin. The only difference would be the viscous
element representation.
The frequency dependent parameters α and b are obtained through two different optimization procedures which
are as discussed below.

4.2.1

Estimation based on optimization with the measured data

The frequency dependent parameters α and b are optimized to obtain a best fit in a least square sense compared
to actual measurement data according to the error formulation given in equation 4.9.

e2 =

X

∗
(Km (ω) − Ks (ω))(Km
(ω) − Ks∗ (ω)))

(4.9)

n

∗
where (Km
, Ks∗ ) denotes the complex conjugate of Km and Ks respectively and n is defined as the number of
measurement data points. The frequency dependence of Ks is modeled as Ks = K + b(iω)α . The error e, is
minimized with regards to the model parameters a best fit of the simulated complex stiffness to the measured
complex stiffness is obtained in a least square sense. The analysis tool MATLAB has been used to perform
the error minimization procedure. This was implemented in MATLAB to understand how accurate the model
could be when trying to optimize directly with measurement data. However, this is something which cannot be
done in the plugin as the measurement data is never available during the initial design phase.

4.2.2

Estimation based on calibration points used for rubber bushing

Instead of using the actual measurement value of stiffness, the fractional Kelvin-Voigt model has been replicated
wherein all properties are estimated with the help of calibration points. This would ensure that the Kelvin-Voigt
model has the same constraints the existing model is subjected to during its implementation in ADAMS.

4.2.3

Results and discussion

Since the rubber bushing exhibits damping characteristics hysteresis behaviour is seen when plotting force versus
displacement for harmonic excitation. This hysteresis loop is studied and the fractional Kelvin-Voigt model is
compared with respect to the actual measurement results.
Error minimization through actual measurement data
The following results were seen when a fractional kelvin voigt model is optimized with respect to actual measurement data.The hysteresis loop were studied while comparing this model to actual measurement data.
14
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• Quasi-static loading cases
For a quasi-static loaded case at a frequency of 0.03 Hz hysteresis loops were studied while comparing
Kelvin-Voigt model to actual measurement data at an amplitude of 0.5 mm as shown in figure 4.4 and
also at an amplitude of 1.5 mm as shown in figure 4.5.

Figure 4.4: Comparison of the hysteresis loop at an amplitude of 0.5 mm.

Figure 4.5: Comparison of the hysteresis loop at an amplitude of 1.5 mm.
The Fractional Kelvin-Voigt model optimized with respect to actual measurement data has very good
accuracy for lower amplitude quasi static loading. The model also possess high accuracy for high amplitude
quasi-static loading with a slight decrease in the prediction of overall energy loss.
• Dynamic loading cases
For a Dynamic loaded case at a frequency of 5 Hz hysteresis loops were studied while comparing KelvinVoigt model to actual measurement data at an amplitude of 0.5 mm as shown in figure 4.6 and also at an
amplitude of 1.5 mm as shown in figure 4.7.
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Figure 4.6: Comparison of the hysteresis loop at an amplitude of 0.5 mm.

Figure 4.7: Comparison of the hysteresis loop at an amplitude of 1.5 mm.
The Fractional Kelvin-Voigt model optimized with respect to actual measurement data has very good
accuracy for lower as well as higher amplitude dynamic loading cases. Considering the accuracy of this
representation with the actual measurement data, this model was investigated further with the help of
calibration input parameters and restrictions seen in ADAMS.

16

Advanced bushing script program in MSC ADAMS

4. Rubber Bushing Model

Estimation based on calibration points used for rubber bushing
In order to replicate this model to have the same constraints which can be seen in the subroutines in MSC
Adams, the input parameters provided to describe the amplitude and frequency dependency were quasi-static
and dynamic stiffness, dynamic phase angle and maximum frictional force. The results were seen when the
calibration frequency and amplitude was set to 15 Hz and 0.5 mm.
• Quasi-static loading cases
For a quasi-static loaded case at a frequency of 0.03 Hz hysteresis loops were studied while comparing
Kelvin-Voigt model to actual measurement data at an amplitude of 0.2 mm as shown in figure 4.8 and
also at an amplitude of 1.5 mm as shown in figure 4.9.

Figure 4.8: Comparison of the hysteresis loop at an amplitude of 0.2 mm.

Figure 4.9: Comparison of the hysteresis loop at an amplitude of 1.5 mm.

The model has very poor accuracy in terms of hysteresis loop with a large phase shift for lower amplitude quasi
static loading cases. The model also possess poor accuracy for high amplitude quasi-static loading cases with a
considerable decrease in the prediction of overall energy loss.
• Dynamic loading cases For a Dynamic loaded case at a frequency of 5 Hz hysteresis loops were studied
while comparing Kelvin-Voigt model to actual measurement data at an amplitude of 0.5 mm as shown in
figure 4.10 and also at an amplitude of 1.5 mm as shown in figure 4.11.
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Figure 4.10: Comparison of the hysteresis loop at an amplitude of 0.5 mm.

Figure 4.11: Comparison of the hysteresis loop at an amplitude of 1.5 mm.
Similarly when the bushing is dynamically loaded for all amplitude cases, the model does not replicate the
actual bushing in terms of dynamic hysteresis behaviour. Since the model lacks accuracy in predicting the
characteristic behaviour when subjected to the constraints encountered in ADAMS, it can be concluded
that the introduction of fractional Kelvin-Voigt model is not a proficient solution and other dexterous
modifications in the script is imperative.
• The model requires actual measurement data which is highly unlikely for a designer to have at the early
phase of designing the bushing.
• Increases the total number of input parameters.
• Complexity in the model with fractional calculus equations and parameter identification.
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5. Modifications in rubber bushing model
5.1

Introducing a new parameter: KMAX

In order to replicate Berg’s model satisfactorily for quasi-static or amplitude dependency, parameters such as
x2 and F f max have to be defined accurately. The approach to estimate such parameters require that the
bushing be subjected to a high amplitude loading (depending on the direction of loading, stiffness and the type
of vehicle, generally not more than 3 mm from a car suspension point of view). F f max can be determined from
the force hysteresis loop as seen in figure 5.1.

Figure 5.1: Estimation of kmax and ffmax from the hysteresis loop

In order to estimate x2 , an additional parameter called Kmax [1] has to be calculated.

x2 =

Ff max
Kmax − Ke

(5.1)

Kmax is the maximum tangent stiffness which can be measured from the measured hysteresis loop. However,
two issues arise when deciding upon the values of Kmax . First, in terms of complexity during the design phase,
the modified Kmax routine will be an extremely difficult parameter to define. For the hysteresis loops seen
in chapter 6.1, measured data was already available and as such, it was relatively easy to define this value.
Without measured data, perhaps, an initial estimation of the hysteresis curve would have to be made before
working in the simulation software, thus making it an ineffective solution.
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Second, estimating the value of Kmax through a particular amplitude loading scenario. From a vehicle suspension point of view, the bushing displacement might not be high in most cases. If Kmax was estimated
through a high amplitude loading case, the accuracy will be poor when estimating the bushing properties for
lower amplitude loading cases and vice versa. Although the bushing might not experience loading scenarios
with higher amplitude in most cases, switching to estimating Kmax for a low amplitude hysteresis loop will
substantially affect the bushing properties estimated at higher amplitudes.

5.2

Replacing maximum friction force as an input parameter with
Quasi-static phase angle

The second modification which was made with respect to the existing tool was to replace F f max as an input
parameter with a quasi-static phase. As mentioned earlier, F f max is a complicated parameter to define without
having measured data. Quasi-static phase is much easier to define as an experienced designer is generally more
aware of stiffness and phase values. Also, the quasi-static phase and dynamic phase are much easier to define
now as the dynamic phase should always be greater than quasi-static phase, thus providing a reference value
for dynamic phase. In certain bushings, the value of quasi-static phase and dynamic phase do not differ a lot,
thus ensuring that absurd values are not chosen.
With the introduction of quasi-static phase, F f max and x2 for the amplitude dependent model parameters,
has to be estimated. This has been done so with an initial estimation of the steady state force and energy loss
per cycle through the calibration amplitude, elastic stiffness, quasi-static stiffness and quasi-static phase angle.

Ff 0 = (Kq uasi − Ke ) ∗ x0
Ef = πx20 Kquasi sin(

phaseq uasi pi
)
180

(5.2)
(5.3)

An error minimization algorithm is designed to predict the values which display the least error when compared
to energy loss estimated through equation 5.3. A loop is designed to vary the value of x2 to calculate F f max
and Ef through the equations 4.4 and 4.5 . The best case scenario (least deviation) is chosen to define the
amplitude dependent parameters x2 and F f max.
The modifications were done for amplitude dependent parameters as they seemed to have dynamic stiffness
and phase influencing the calculations of x2 and F f max. At this point, an attempt was made to study which
modification would help in easing the design process, while either maintaining the same or a higher accuracy.
The results for the same can be seen in the chapter 6.
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6. Results for the initial modification
While studying the hysteresis loop and the dynamic stiffness variation with respect to frequency, it was seen that
the accuracy was quite poor for a low amplitude (<0.2 mm) dynamic loading case and the accuracy improved
significantly when the loading amplitude was close to the calibration points.

6.1

Introduction of Kmax as an input parameter

The following results were observed when kmax was defined for an amplitude of 1.5 mm and was an estimate
from measured data. The value of kmax estimated gave inaccurate results and thus, a lower value was selected
to ensure better accuracy in the entire range of bushing displacement. The value was chosen to be 1315 N/mm
eventually and the hysteresis loop was studied for the same.
• Quasi-static loading cases
For a quasi-static loaded case at a frequency of 0.03 Hz hysteresis loops were studied while comparing
Kmax modification, original radbus to actual measurement data at an amplitude of 0.2 mm as shown in
figure 6.1 and 6.2 and also at an amplitude of 0.5 mm as shown in figure 6.3 and 6.4.

Figure 6.1: Comparison between kmax modification and measured data at 0.2mm (quasi-static)
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Figure 6.2: Comparison between the original routine and measured data at 0.2mm (quasi-static)

Figure 6.3: Comparison between kmax modification and measured data at 0.5mm (quasi-static)

Figure 6.4: Comparison between the original routine and measured data at 0.5mm (quasi-static)

The accuracy for lower amplitude cases were quite similar for the original routine and the modified kmax routine.
The kmax routine is slightly more accurate, which can be seen on a closer investigation into the curves, but no
significant difference is studied in figures 6.5, 6.6, 6.7 and 6.8.
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Figure 6.5: Comparison between kmax modification and measured data at 1.0mm (quasi-static)

Figure 6.6: Comparison between the original routine and measured data at 1.0mm (quasi-static)

Figure 6.7: Comparison between kmax modification and measured data at 1.5mm (quasi-static)
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Figure 6.8: Comparison between the original routine modification and measured data at 1.5mm (quasi-static)

For a higher amplitude quasi-static loading, the modified kmax routine has a significantly higher accuracy as
seen through figures 6.5 and 6.7. As the value for kmax used here was determined at a higher amplitude (1.5
mm), the accuracy should significantly improve beyond 1.0 mm and should represent the bushing properties
accurately.
For the original plugin, the fact that the dynamic properties are influencing the parameters being calculated
for amplitude dependency, the accuracy is low and in most cases, not acceptable.
• Dynamic loading cases (at 5 Hz)

When the bushing undergoes dynamic loading, the accuracy of both the modified kmax routine and the original
routine is quite poor when the amplitude is 0.2 mm as studied in figure 6.9 and 6.10. The hysteresis loop
predicted at 0.5 mm is a bit more realistic and acceptable as studied in figure 6.11 and 6.13.

Figure 6.9: Comparison between kmax modification and measured data at 0.2mm (dynamic)
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Figure 6.10: Comparison between the original routine and measured data at 0.2mm (dynamic)

Figure 6.11: Comparison between kmax modification and measured data at 0.5mm (dynamic)

Figure 6.12: Comparison between the original routine and measured data at 0.5mm (dynamic)

When increasing the amplitude, it can be studied in figure 6.10 and 6.10 that the accuracy of the modified
kmax routine is higher and more reliable than the original routine.
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Figure 6.13: Comparison between kmax modification and measured data at 1.5mm (dynamic)

Figure 6.14: Comparison between the original routine and measured data at 1.5mm (dynamic)

Through the hysteresis loop it can be seen that the bushing is better represented with the modified kmax
routine. But, it does not necessarily implicate that this modification is the ideal choice, as it provides a complex
parameter to be defined as input. This particular modification should probably increase the time required to
design a bushing significantly.
• Dynamic loading cases (at 51 Hz)
When the bushing undergoes dynamic loading at a frequency 51 Hz, the hysteresis loops for the modified
kmax routine and the original routine was compared with actual measurement data for an amplitude of
0.5 mm as studied in figure 6.15 and 6.16 and the hysteresis loop for an amplitude of 0.8 mm is studied
in figure 6.17 and 6.18 .
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Figure 6.15: Comparison between kmax modification and measured data at 0.5mm (dynamic)

Figure 6.16: Comparison between the original routine and measured data at 0.5mm (dynamic)

Figure 6.17: Comparison between kmax modification and measured data at 0.8mm (dynamic)
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Figure 6.18: Comparison between the original routine and measured data at 0.8mm (dynamic)

Although improbable but a comparison was made for a dynamic loading case with 51 Hz. Such a frequency
is not generally witnessed for when studying the bushing from a vehicle dynamic point of view. However, the
bushing properties were studied to compare the accuracy and the ability of such routines, if such a dynamic
loading situation arises. The amplitude was kept at lower values as it is rare to have a scenario where both the
amplitude and frequency is high at the same instance of time.
For an amplitude of 0.5 mm as studied in figure 6.9, kmax modification seems to have higher accuracy. However,
for an amplitude of 0.8 mm as studied in figure 6.11, the original routine has higher accuracy. There is no
justification as to why a higher accuracy is seen for an amplitude of 0.8 mm. It could be attributed to how
the amplitude dependent parameters were initially estimated. As these parameters help in estimating the
frequency dependent model parameters, the frequency dependent model parameters will have a different value
when compared between different routines. However, it is still difficult to justify as to why the accuracy is better
for the original routine. In reality, for an increase in amplitude, the dynamic amplitude decreases for a constant
frequency value. As the model parameters are being predicted for a calibration of 0.5 mm, the dynamic model
parameters at 0.8 mm should be lower. It is possible that the original subroutine underestimates the value of
the dynamic model parameter such that the values are closer to 0.8 mm (in reality). As such, it seems to have
better accuracy for a loading case of 0.8 mm.

6.2

Replacing maximum frictional force with Quasi-static phase angle as an input parameter

The second modification involved replacing an input parameter and altering the algorithm for calculation of the
amplitude dependent properties. F f max was replaced by an input quasi-static phase angle and thus helped in
estimating both F f max and x2 . The force hysteresis loop can be seen for the same.
• Quasi-static loading cases
For a quasi-static loaded case at a frequency of 0.03 Hz hysteresis loops were studied while comparing
quasi-static phase modification with actual measurement data at an amplitude of 0.2 , 0.5 mm, 1.0 mm
and 1.5 mm as shown in figure 6.19, 6.20, 6.21 and 6.22 respectively.
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Figure 6.19: Comparison between the quasi-static phase angle modification and measured data at 0.2mm (quasistatic)

Figure 6.20: Comparison between the quasi-static phase angle modification and measured data at 0.5mm (quasistatic)

Figure 6.21: Comparison between the quasi-static phase angle modification and measured data at 1.0mm (quasistatic)
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Figure 6.22: Comparison between the quasi-static phase angle modification and measured data at 1.5mm (quasistatic)

For the quasi-static phase modification, the bushing properties are significantly better when compared to the
original routine as studied in figure 6.2, 6.4 ,6.6 and 6.8, especially when considering lower amplitude loading
cases. The accuracy might be a bit low for higher amplitude cases as the calibration point is 0.5 mm. However,
it does show acceptable behaviour for a larger amplitude range. When compared to the kmax modification,
the bushing representation has a higher accuracy for lower amplitude loading cases. For higher loading cases,
the accuracy is lower but as mentioned before, it is much easier for the designer to define the bushing input
parameters and this does not have any dependency on measured data during the initial design phase.
• Dynamic loading cases (at 5 Hz)
When the bushing undergoes dynamic loading at a frequency 5 Hz, the hysteresis loops for the quasi-static
phase modification routine was compared with actual measurement data for an amplitude of 0.2 mm, 0.5
mm and 1.5 mm as studied in figure 6.23, 6.24 and 6.25 respectively.

Figure 6.23: Comparison between the quasi-static phase angle modification and measured data at 0.2mm
(dynamic)
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Figure 6.24: Comparison between the quasi-static phase angle modification and measured data at 0.5mm
(dynamic)

Figure 6.25: Comparison between the quasi-static phase angle modification and measured data at 1.5mm
(dynamic)

The quasi-static phase modification has a higher accuracy when compared to the original and kmax routines
seen in figure 6.11. While analysing a dynamic loading scenario of 0.5 mm, which is the calibration point, it
can be seen that the quasi-static phase modification has the highest accuracy.
While designing the bushing properties in such a plugin, it is recommended to first study the accuracy of the
model for a quasi-static amplitude of 0.5 mm and a dynamic loading of 0.5 mm and 15 Hz because those are
the calibration points defined here. As these are the only values that are known initially, it is important that
any modification or model being used has the highest accuracy for these input values. It is only after this that
a larger range of amplitudes and frequencies can be investigated.
• Dynamic loading cases (at 51 Hz)
Similarly, when the bushing undergoes dynamic loading at a frequency 51 Hz, the hysteresis loops for the
quasi-static phase modification routine was compared with actual measurement data for an amplitude of
0.5 mm and 0.8 mm as studied in figure 6.26 and 6.27 respectively.
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Figure 6.26: Comparison between the quasi-static phase angle modification and measured data at 0.5mm
(dynamic)

Figure 6.27: Comparison between the quasi-static phase angle modification and measured data at 0.8mm
(dynamic)

When a higher frequency dynamic loading case is considered, the quasi-static phase modification has a higher
accuracy for 0.5 mm as studied in figure 6.26. For 0.8 mm, when quasi-static phase modification is compared,
the accuracy of the original routine seems better. However, it has a slightly higher phase at the peak amplitude.
This can be seen when the hysteresis loop is closely investigated. The accuracy of the quasi-static phase angle
modification is much higher when compared to the original and the kmax modification routines, for a large
range of amplitudes and frequency.

6.3

Results for Dynamic stiffness, Loss angle vs Frequency

While trying to estimate how the bushing property would behave over a fixed amplitude and frequency range
(wherein the model parameters were predicted through the calibration points), the dynamic stiffness and loss
angle was studied as a function of frequency as depicted in figure 6.28, 6.29, 6.30 and 6.31.
Here the model parameters x2 , F f max, k1, k2, c1, c2, cs were predicted through the calibration points itself.
However, the viscous and frictional contribution seen in equations 4.6, 4.7 and 4.8 had the frequency range
provided as input. Thus, ω was estimated through the input frequency and x0 was the input amplitude now.
These graphs do not represent the dynamic stiffness from the force hysteresis loops and just provide a reference
as to how the bushing dynamic stiffness and loss angle would vary over a frequency and amplitude range, when
calibrated through the input parameters.
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Figure 6.28: Dynamic stiffness comparison for different models and measured data at an amplitude of 0.5mm

Figure 6.29: Loss angle comparison for different models and measured data at an amplitude of 0.5mm
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Figure 6.30: Dynamic stiffness comparison for different models and measured data at an amplitude of 1.5mm

Figure 6.31: Loss angle comparison for different models and measured data at an amplitude of 1.5mm

It can be seen that the quasi-static phase angle modification routine predicts the dynamic stiffness accurately
over a given frequency range and amplitudes of excitation. The loss angle is something which depends on the
estimation of dynamic stiffness. As such, when the dynamic stiffness is over estimated by kmax and original
routines, the loss angle should have a lower value as the loss angle is calculated through equation 6.1.

Lossangle = arctan

lossenergy
πx20 Kdynamic

(6.1)

None of the models accurately predict the loss angle, whereas when looking into the dynamic stiffness, a
significantly high difference can be seen between the measured data and the kmax and original routines. When
considering the test bushing, a difference of 40 N/mm might not be very significant, but when a bushing with
lower dynamic stiffness is to be considered, such a difference could be critical.
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The average percentage deviation for dynamic stiffness is studied for original radbus routine, Kmax modification routine and quasi-static phase modification routine while comparing with respect to measurement data is
tabulated as shown in table 6.1.
Table 6.1: Average Percentage deviation for dynamic stiffness with respect to measurement data.
Amplitude(in mm)
Routine
Original radbus
Kmax modification
Quasi-static phase modification

0.2

0.5

1.0

1.5

2.0

8.71
9.51
6.77

2.23
1.54
0.42

4.87
4.21
0.39

5.47
4.86
0.53

5.34
4.77
0.66

It can be studied from table 6.1 that the quasi-static phase modification seem to have the least average percentage
deviation for dynamic stiffness for all amplitude cases with respect to actual measurement data.
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7. Variable Frequency model
In reality, the viscous model is highly dependent on frequency. However, the models which were being implemented are based on a calibration frequency whose value, generally, is 15 Hz. Due to limitations with the
FIESUB, it was difficult to incorporate frequency and amplitude directly.
In order to implement the behaviour of the viscous model as a function of frequency, an attempt was made to
calculate frequency through displacement, velocity and time. The frequency was estimated through two data
points: the previous and present state values of displacement, velocity and time. As these are the only values
which are coming into the FIESUB subroutine, all calculations have to rely on only two states of displacement
and velocity. It uses the same input parameters as the quasi-static phase modification (calibration frequency,
calibration amplitude, quasi-static stiffness, dynamic stiffness, quasi-static and dynamic phase angle).
To calculate the frequency, a disturbance scenario was considered which was not purely sinusoidal. Road
disturbance are rarely purely sinusoidal. As such, it was more challenging to provide an accurate estimation
of frequency as frequency estimation approximated the non-sinusoidal disturbance as a sinusoidal disturbance.
Figures 7.1 and 7.2 provides an example of such a disturbance and the frequency estimated. The trend of
frequency variation was accurately estimated. However, certain points lead to numerical inaccuracies and
the value of the frequency is not estimated accurately. In those cases, the algorithm was designed to take the
frequency value of the previous time step. The numerical inaccuracies were generally seen when the displacement
changed its sign for any of the combining signals (Signal 1 and 2). In those cases, the frequency can be
approximated to the frequency of the previous state.

Figure 7.1: Displacement curve for a non-sinusoidal disturbance

Figure 7.2: Frequency estimation for the non-sinusoidal disturbance
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Results for variable frequency model

The force hysteresis loop seen for quasi-static analysis was the same as seen in the quasi-static phase angle
modification. Figure 7.3 provides the bushing response for an amplitude of 0.2 mm. For amplitudes 0.5 mm,
1.0 mm and 1.5 mm, figure 6.20 , 6.21 and 6.22 can be referred to.

Figure 7.3: Comparison between the variable frequency model and measured data at an amplitude of 0.2mm
(quasi-static)

When considering the response to dynamic behaviour at 5 Hz, the response is quite similar as well. This can
be seen in figure 7.4 for an amplitude of 0.5 mm.

Figure 7.4: Comparison between the variable frequency model and measured data at an amplitude of 0.5mm
(dynamic)

When considering the dynamic response at 51 Hz, some noticeable differences were seen when the amplitude
was higher between the quasi-static phase angle modification and the variable frequency model. It is highly
improbable that both the frequency and amplitude is high at the same instance. However, in order to compare
the accuracy of this particular model, higher amplitudes were taken into consideration as shown in figures 7.5
and 7.6.
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Figure 7.5: Comparison between the variable frequency model and measured data at an amplitude of 0.8mm
(dynamic)

Figure 7.6: Comparison between the variable frequency model and measured data at an amplitude of 1.49mm
(dynamic)

The hysteresis loop as estimated through the variable frequency model has higher accuracy. But, an amplitude
of 1.49 mm and 51 Hz would be a unique case and as such, the implementation of this model into ADAMS has
to be judged when doing simulations in ADAMS.

7.1.1

Results for Dynamic stiffness, loss angle vs frequency

The dynamic stiffness and loss angle as a function of frequency can be seen in figures 7.7 and 7.8.

38

Advanced bushing script program in MSC ADAMS

7. Variable Frequency model

Figure 7.7: Dynamic stiffness comparison at an amplitude of 0.5mm

Figure 7.8: Loss angle comparison at an amplitude of 0.5mm

The accuracy of this model should be the highest when the input disturbance corresponds to the calibration
amplitude. The loss angle estimation is closest to the measured data for this model. However at higher
amplitudes, the dynamic stiffness as a function of frequency is illustrated in figure 7.9 and the loss angle is
poorly predicted as seen in figure 7.10.

Figure 7.9: Dynamic stiffness comparison at an amplitude of 1.5mm
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Figure 7.10: Loss angle comparison at an amplitude of 1.5mm

The dynamic stiffness deviation when compared to other models can be seen in table 7.1.

Table 7.1: Average percentage deviation for dynamic stiffness with respect to measurement data.
Amplitude(in mm)
Routine
Original radbus
Kmax modification
Quasi-static phase modification
Variable frequency model

0.2

0.5

1.0

1.5

2.0

8.71
9.51
6.77
6.58

2.23
1.54
0.42
0.29

4.87
4.21
0.39
0.84

5.47
4.86
0.53
1.02

5.34
4.77
0.66
0.98

Variable frequency model should have higher accuracy at higher amplitudes and frequencies, but will add to the
simulation time significantly. This is can be attributed to the frequency estimation at every time step, which is
used to calculate the viscous parameters. The time step in a simulation environment is of the order of 1E-03 and
as such, the time required would be significantly affected by the number of bushings defined through this model
and simulation parameters such as the time and number of steps. A higher number of rubber bushings defined
through this model would also increase the simulation time as it needs to calculate the viscous properties for
each bushing separately and at every time step.
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8. Simulation results
In order to check how the vehicle behaviour is affected when modifications are made to the bushing property
estimation, a full vehicle assembly was examined for a pothole obstacle. As the vehicle has a large number of
rubber bushings, only the front axle bushings were altered to check if there are any variations in results. The
bushings altered were the subframe bushings, front lower control arm and top mount (mounted between the
strut and chassis) of a Macpherson type suspension. The bushings which were altered uses the quasi-static
phase angle modification which has been talked about in Chapter 6.2.
The road profile can be seen in figure 8.1 and a 2D representation can be seen in figure 8.2.

Figure 8.1: Road profile for simulation

Figure 8.2: 2D representation of the road

The potholes have a length of 2 m and the depth increases linearly from 50 mm to 80 mm from the first pothole
to the last pothole. The primary bushing whose behaviour was studied was the top mount bushing and a
comparison between the original routine and the modified routine is shown in figure 8.3 and 8.4.
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Figure 8.3: Bushing displacement and force comparison for the original and modified routines implemented in
ADAMS

Figure 8.4: Bushing displacement and force comparison for the original and modified routines implemented in
ADAMS (Enlarged view)

The displacement for the modified bushing is lower when compared to the bushing defined through the original
routine. However, the forces are much higher, suggesting that the stiffness of the bushing being estimated
through the modified routine is much higher.
Another important aspect which can be closely seen is the phase angle. Figure 8.5 provides an enlarged view
of the displacement and force for the subframe bushing.
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Figure 8.5: Bushing displacement and force comparison for the original and modified routines implemented in
ADAMS (Enlarged view)

It can be seen that there exists a phase difference between the two routines, suggesting that the damping
being predicted by the routines is different as well. Both stiffness and damping were expected to be different
for the routines. However, actual measurements from the vehicle would be needed to judge which routine is
more accurate. Another parameter which was investigated for this simulation was the CoG displacement and
acceleration as shown in figure 8.6.

Figure 8.6: CoG displacement and acceleration comparison

Through figure 8.6, it can be seen that the CoG displacement does not have any significant variation when using
the bushing defined through the original or the modified routine.
However, a closer look into vertical acceleration shows that the difference between the original and modified
routines as seen in figure 8.7.
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Figure 8.7: CoG acceleration (Enlarged view)

The difference in the vertical acceleration estimated is about 1.3 G’s, which should have a significant effect on
passenger comfort. As the modified routine predicts a stiffer bushing when compared to the original bushing,
the acceleration was expected to be higher as well.
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9. Conclusion and Future work
The thesis focusses on optimising the bushing script to ensure higher accuracy and to ease the design process.
It was witnessed that on replacing the maximum frictional force with quasi-static phase angle as an input
parameter and making necessary changes to the algorithm calculating the frictional parameters, the quasi-static
phase angle modification has better accuracy in the pre-processing results.
The variable frequency model, which was an extension of the quasi-static phase angle modification, has accurate
representation of the bushing as well. However, there is no significant difference between the quasi-static phase
angle modification results and the variable frequency model results. The final model which was implemented is
the quasi-static phase angle modification as it has a significantly lower simulation time when compared to the
variable frequency model.
Although the actual testing data is not available, the fact that the modification represents the bushing property
more accurately, the predicted vehicle behaviour through modified RADBUS should be closer to the actual
vehicle.
With respect to future work, the following observations were made:
1) In order to implement the variable frequency model, the simulation time has to be brought down significantly.
This can be done through some specific solver settings in ADAMS/Car. However, that would need an in depth
investigation of the different types of solvers and what kind of parameters are associated with each.
2) The model representation of the bushing used in the plug-in has inaccuracies due to the reliance on calibration
points whereas the measured data which the supplier provides represents the actual bushing behaviour. There
could be a modification designed for this plug-in which directly takes in the supplier data after the initial design
phase and uses them directly to provide the bushing behaviour in the simulation environment.
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[5] Sjöberg, M., Kari, L., (2002) Non-Linear behaviour of a Rubber Isolator System Using Fractional Derivatives, Vehicle System Dynamics, 37:3, 217-236.
[6] Karlsson, F., and Persson, A., Modelling Non-Linear Dynamics of Rubber Bushings- Parameter Identification and Validation,Civil Engineering (M.Sc.Eng.),Structural Mechanics, Lund University.
http://lup.lub.lu.se/student-papers/record/3566697
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