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ABSTRACT	
This is the report of a thesis work performed at Volvo Cars Corporation together with Chalmers 
University of Technology. The purpose is to investigate whether varying temperature affects squeak 
and rattle. The centre stack of a Volvo V40 car was chosen as the critical system to be investigated in 
this thesis.	

The primary objective of this master thesis work has been to develop a methodology with different 
software interface. This is to analyse the impact of temperature and vibration load on different 
components that affects the Perceived Quality in cars. This method should make the development 
process efficient by identifying critical Rattle & Squeak areas in new design cars. The simulation and 
analysis work is realistic as it involves original components and functioning environment. Thus it can 
decrease the number of physical prototypes. To perform the complete analysis, this thesis work has a 
connection between variation analysis in RD&T with the modal transient analysis in Nastran. The 
entire method can be conducted at different temperatures for different thickness materials including 
composites. Also all possible areas can be analysed to good effect. 

The variations due to manufacturing were analysed for different components in the software RD&T. 
Next the variations due to vibrations were analysed in the software Nastran. Both of these have been 
conducted before at VCC but they have been only for verification of requirements mainly at room 
temperature. It was assumed that if the methods could be combined and results are analysed, the 
designers could have an idea about squeak and rattle conditions in the designs. It was presumed that 
the properties of the components vary with temperature and humidity. The temperature range 
expected when the car is in use during its entire lifetime is -40°C to 80°C. Therefore the selected 
components were simulated for this range. However, humidity has not been considered in this thesis 
work.  

The results obtained from the simulations for the selected critical system were analysed. From the 
observations it has been concluded that temperature does affect squeak and rattle for this case. Several 
verifications have been conducted to check the robustness of the method and have been mentioned. 
But no experimental validation was done and could be considered as future scope of work. 

The software packages RD&T and Nastran are considered to be efficient tools for representing reality 
and have been considered as reliable for analysing and verifying automotive components. 

 
Keywords: 
Squeak, Rattle, RD&T, Nastran, Static displacement, Dynamic displacement, Mean Peak to Peak, 
Relative Displacement, Stick-Slip measurement. 
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1 INTRODUCTION  
Volvo Cars Corporation is one of the world’s most prominent automotive manufacturer and developer 
with focus on high quality and dependability. It is important for the quality to be perceived as good as 
even the smallest squeak can impair the image of the vehicle, no matter how good the structural and 
functional qualities are. The department responsible for the visual, haptic and auditory experience is 
called Perceived Quality. 

While some aspects can be simulated today, Volvo Cars Corporation mainly relies on experience of 
employees and tests on prototypes when it comes to designing for perceived quality. The more 
accurate the simulations can be made the more errors can be identified early on, when changes are 
cheaper and easier to implement. This is called a simulation driven design process and it aims for 
reducing lead time and cost. This master thesis focus on one area needed in order to achieve such a 
design process by identifying if and how squeak and rattle are affected by varying temperature. 

Squeak and rattle are two phenomena handled in the Solidity department, a subdivision of 
Craftsmanship and Ergonomics at Volvo Cars. At Chalmers Squeak & Rattle are included in 
Perceived Quality. Rattle is the sound from the impact of adjacent parts that are normally not in 
contact, due to external loads such as vibrations. Squeak occurs when two parts in contact slide 
against each other with sufficient velocity and normal force. Generally, squeak and rattle simulations 
have been conducted at room temperature only. There is currently no developed method to analyse the 
effect of thermal changes on squeak and rattle in components. In this thesis, squeak and rattle 
conditions due to thermal change are investigated. Thermal expansion and changes in elasticity have 
both been considered when simulating with finite element models. This has been done in several 
software packages, such as RD&T, Ansa, Nastran and Matlab, in order to identify the squeak and 
rattle. 

1.1 Background 
Variation during manufacturing is not desired, the precision and reliability of tools and fixtures will 
never be perfect and thus all produced parts will not be identical. When specifications are set 
tolerances are given to the geometry to dictate allowed limits for the variation. The software RD&T, 
developed by Lars Lindkvist and Rikard Söderberg at RD&T Technology, allows for simulation of 
such variations and is used by Volvo Cars Corporation. 

Squeak and rattle at room temperature have previously been simulated at Volvo Cars Corporation. It 
uses a method called E-line which identifies the variation due to external loads such as vibrations. The 
E-line is created on the model in the pre-processor software Ansa, run in the processing software 
Nastran and then the result is post-processed in Matlab. Similar to E-line, a feature called Seam has 
also been developed in RD&T and in this master thesis they have been used together for the first time. 
In order to determine squeak and rattle, both variations due to manufacturing and external loads are 
combined. 

Components expand at elevated temperatures and compress at lowered temperatures (Stratasys 2008). 
The amount of expansion or compression depends on the thermal expansion coefficient of the 
materials. For an assembled product consisting of several components with different material, 
subsequently with different thermal expansion coefficients the relation and position between adjacent 
parts can be affected. In addition to a change in size the temperature also affects Young’s modulus. 
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1.2 Hypothesis 
When simulating for squeak and rattle, is it necessary to consider the temperature range in the user 
phase, the user phase considers the temperature range from -40 °C to 80 °C? 

1.3 Purpose 
Perceived Quality of a product is high if the performance is good and remains the same irrespective of 
user temperature conditions. In order to improve the Perceived quality of automotive components at 
different temperature and achieve a good simulation driven design process it is necessary to know 
whether to factor in temperature or not. This thesis is performed in order to investigate if it is needed 
or not to include temperature when simulating for squeak and rattle. 

1.4 Delimitations 
In this project the centre stack of a Volvo V40 is investigated to understand if temperature has any 
significant effect of squeak and rattle. A positive response to the hypothesis would confirm it to be 
true in similar cases as well. On the other hand, a negative response would not indicate that 
temperature variations should be ignored completely for other similar cases. The temperature range 
analysed is limited to -40 °C to 80 °C since this is the estimated service temperature of the vehicle and 
is a requirement of the vehicle. 

1.5 Objectives 
Academic objective 

● To test the hypothesis and understand whether variation in temperature range (from -40°C to 
80°C) should be considered when evaluating squeak and rattle in automotive systems. 

Industrial objective 

● Define technical requirements/ specifications that are necessary for squeak and rattle 
simulation at different temperatures. 
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below (Johanson 1993). 

1. It helps to refine designs based on simulated results. 
2. Simulation results and test results can be compared to validate the performance of the 

simulation process. 
3. A single server can store all the data, processes and models which can be accessible to 

designers and engineers working in different areas. In this way they can work together in 
creating a masterpiece without necessarily coming into physical contacts with one another 

4. It allows engineers and designers to make changes in their designs during early stages, 
without affecting the manufacturing or prototyping costs. 

5. It reduces cost of production. 
6. It reduces the lead time of production.  

 

2.3 Geometry Assurance & Tolerance management 
Geometry Assurance is the field of studies which aims at reducing the effect of variation by 
increasing the precision of different functional attributes of the product. It includes a set of activities 
in the concept phase, verification and production phase to minimize the effect of geometrical 
variations. (Söderberg et al. 2006)  

In products, geometrical variation occurs due to variation in the tooling during manufacturing 
processes and also due to part variations because of different positioning systems (Söderberg et al. 
2006).  In order to obtain the manufactured products as desired, requirements are set on the parts and 
fixtures in form of limits called tolerances. 

2.3.1 Tolerance  
A tolerance is defined as the range of variation that is allowed in a component with specified 
dimension or locating system. This is without affecting the structural integrity, operating capability or 
impinging components (Ariyo 2004). When limits are applied on the dimensions of the parts, they are 
called dimensional tolerances and when applied on the orientation or location of the parts in a 
subassembly, they are called geometrical tolerances (Huang 2008). Generally tighter tolerances 
increases the manufacturing cost of the product and should be avoided. 

2.3.2 Variation Simulation Theory 
Variation simulation in the design phase is an important tool to predict the properties of different 
design parameters. The variation, due to part tolerance and positioning tolerance, is simulated to 
assure that requirements are fulfilled in the final product.   

 

 

2.3.3 Rigid and non-rigid simulation 
In a rigid body simulation, the parts are assumed not to deform. This is because the rigid body 
simulations can be performed in less time and do not depend on the material properties of the parts. 
Considering part and assembly variations in the assembly, points are chosen on the parts to be 
observed. These sets of points are assigned a property (e.g. gap, flush etc.) to be measured which are 
called measures. RD&T provides a platform where rigid bodies can be imported as VRML files. The 
variation simulation analysis and contribution analysis can be performed on these parts by selecting 
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2.4	Nomenclature	
Nominal Gap    

The distance between two points for a particular measure is defined on the split line gap in such a way 
that all product properties are fulfilled (such as Perceived Quality requirements, swing clearance, 
dynamic movement, etc.) and that is referred to as the nominal gap which is then represented on the 
CAD model. It is not affected by variations or deformations.  

 

    

 

 

 

Figure 11: Nominal gap between components 

 

Seam 

A seam is also known as a surface strip which is created on a split line between two rigid models in 
RD&T. A split line is the visible gap between two components when they are located next to each 
other. The seam consists of a set of points which is used to define a set of measures. Thus it maintains 
the direction of the measure from one part to the other part between the two measures. 

E-line 

The E-line is created as a 3D line along the split line and is created between two parts. One is a master 
and other is a slave surface (Weber et al. 2013). Between one node on each part a spring element is 
created where the z-direction in the local coordinate system for this element points towards the slave 
surface. One such spring element corresponds to a measure in RD&T and a desired amount of these 
can be created using the E-line script.  

Measures are created on the E-line which are represented by spring elements and is used to measure 
the relative displacement in the Gap see figure 12. 
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2.7	Squeak	and	rattle	Theory	
The issue of squeak and rattle occurs only when there is relative displacement between two 
components which are adjacent to each other. The squeak and rattle are issues which are generally 
audible and decrease the perceived quality of the products. Since squeak and rattle are undesirable, it 
is required to predict them in assemblies and avoid their occurrence through design changes and 
engineering considerations. 

Rattle can occur in two cases. First, if the two parts have a gap initially when in rest and collide with 
each other due to external load. The second case is when the two part just touch each other but leave 
contact when exposed to an external load and repeatedly impact each other to produce rattle. It is 
defined as the noise which occurs when the relative displacement due to static and dynamic 
displacement is more than the nominal gap. This can be avoided by considering tolerances on the 
parts and positioning systems which ensures that the nominal gap is more than the relative 
displacement. 

The squeak occurs when the parts are in contact and they rub against each other continuously due to 
external vibration load. The squeak is defined as the noise which occurs in the contact plane between 
two components when maximum principal peak to peak is more than the relative displacement. The 
relative displacement is defined as the inverse of impulse rate which is the output of stick-slip 
measurement and the maximum simulated distance moved in one direction in the squeak plane is 
called maximum principal Peak to Peak, mpP2P. The mpP2P is the response of the random load in the 
squeak plane along x and y directions. The z-direction is normal to the squeak plane and is the rattle 
direction. 

2.7.1	Rattle	Simulation		
This series of steps are followed to analyse rattle between components with a gap: 

1. The variation simulation is carried out in RD&T with consideration to heat expansion. 
Simulation will result in static displacement Ds(t) as the output where Ds is a static geometric 
displacement and t is temperature. The seam feature is used for defining measures. The static 
displacement is the half of the value of probability distribution from the results e.g. 8 sigma 
divided by 2 

 

ሻݐሺݏܦ ൌ െ݊ܽ݁ܯ	ݐ݂݄݅ݏ 
ሻݐሺܽ݉݃݅ݏ	8

2
ൌ െ൫݊ܽ݁ܯሺݐሻ െ ሺ20ሻ൯݊ܽ݁ܯ 

ሻݐሺܽ݉݃݅ݏ	8

2
																								ሺ1ሻ 

 
2. The dynamic displacement is calculated between components using E-line and Young’s 

modulus E(t).The dynamic displacement is the displacement value obtained from Matlab 
when the results from Nastran are plotted in displacement vs. nodes in the time domain. 
 

3. Rattle is calculated by the difference of the values of static and dynamic displacement from 
nominal gap which are obtained from previous steps. The higher the difference, the greater 
are the chances of occurrence of rattle.  

 
Rattle ൌ Nominal	Gap െ Static	Displacement െ Dynamic	Displacement																															 

            
				ܴሺݐሻ ൌ ܽܩ	݈ܽ݊݅݉ܰ െ ሻݐሺݏܦ െ  ሺ2ሻ																																																																																											ሻݐሺ݀ܦ

 Where (t) = values obtained at particular temperature t. 
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In equation (2), Rattle condition can be ascertained only if difference of nominal gap and static 
displacement is not equal to or less than zero. In such cases, the occurrence of squeak should be 
investigated instead as the components are in contact due to variation even before the application of 
the vibration load.  

ܽܩ	݈ܽ݊݅݉ܰ െ ሻݐሺݏܦ  0																																																																						ሺ3ሻ 
 

4. The simulations are performed in (1) and (2) at room temperatures t=20°C. The simulations 
can be performed at higher and lower temperatures. 
 

5. The change in rattle between two different temperatures, R(t) and R(20) where R(t) is the 
rattle at t°C and R(20) is the rattle at 20°C, is calculated to observe the magnitude of change 
in rattle, ∆R. 
 

 ∆R ൌ 	ܴሺݐሻ െ ܴሺݐ ൌ 20ሻ																																																																				ሺ4ሻ 

2.7.2	Squeak	Simulation	
The following steps are followed to analyse the squeak between two components initially in contact: 

1. The contact force is estimated from the models by considering thermal expansion of the 
components. The necessary parameter to determine the output contact forces is the Young’s 
modulus of the components, how it change with temperature and also the expansion of the 
component itself. 
 

Contact force F(t) is the output here for input E(t) where t is the temperature  

2. The dynamic relative displacement is calculated between the components using the E-line 
method and a temperature dependent Young’s modulus E(t). The simulation is run in Nastran 
which gives a result of movement path in squeak plane from which the mpP2P is acquired. 
The maximum and minimum velocity (vmax(t) and vmin(t)) is also approximated from the 
graphs which are obtained from squeak plane during movement. This graph is obtained as an 
output from the Matlab results. 
 

3. The stick-slip testing is performed in stick-slip machine at VCC with input parameters F(t), 
vmax(t) and vmin(t) for each of the  temperature t.  
 

4. The value obtained from slip stick measurement is the Impulse rate (IP) and this output is 
used to calculate relative displacement per pulse for squeak, SQmax. 
	

												SQmax	ൌ	1/	IP																																																																																																	ሺ5ሻ	

5. The occurrence of squeak is evaluated by calculating the difference between maximum 
principal peak to peak and relative displacement. If S(t) is negative there is an occurrence of 
squeak. 
 

ܵሺݐሻ ൌ ݔܽ݉ܳܵ െ݉2ܲܲ																																																																																																	ሺ6ሻ	 
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6. The simulations are performed at room temperature, t=20°C, and can also be performed at 
higher and lower temperatures. 
 

7. The change in squeak between two different temperatures, ∆S, is calculated to observe the 
change in magnitude of squeak for different points on the split lines. 
 

	∆S ൌ ܵሺݐሻ െ ܵሺݐ ൌ 20ሻ																																																																																																			ሺ7ሻ 
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order to have a flexible approach to make improvements at each level again and again. It is shown in 
figure 16. This combination is efficient as it enables to implement, the improvements and the gained 
knowledge, in previous levels.    This approach of understanding the problem and the various 
scientific properties associated with it is considered to be successful and is being widely used in 
developing new products.  

The various steps in the research method have been described below: 

1. Defining the problem 
2. Observing the problem 
3. Modelling  
4. Verifying the model 
5. Characteristics and Performance 
6. Implementing the process 

 

1. Defining the problem 
The problem either falls into the category of product/performance/functionality failure of a product or 
further improving the functionality and performance of the product. 

2. Observing the problem 
This helps to understand the problem and the parameters that are important for the problem which 
may be linked to architecture, design or manufacturing processes. This is done to increase the 
knowledge on the key parameters so that they can be used to model and verify the problem in later 
stages. Generally it is done by literature studies, experiments or by experience. 

3. Modelling 
The problem is modelled with the key parameters so that it is a representation of the product in reality. 
It can be mathematical, visual or any other model depending upon how it is used. The process is 
highly iterative as it requires modifications, improvements and redefining the problem to improve 
performance. Addition of new parameters relevant to the model can lead to higher accuracy of the 
model, increased knowledge but can increase the complexity of the problem 

4. Verifying the model 
In order to understand the influence of the key parameters, the problem is simulated as close to reality 
as possible. The results obtained are verified by mathematical calculation, experimentation, 
experience or logical confirmation. All the phases until the verification stage are generally iterative 
since more understanding of the problem is acquired throughout the usage of the method. The 
iterations do not only occur within one step of the method but changes in all steps can be done at any 
time, thus later steps are affected. 

5. Characteristics and Performance 
This stage is essential to analyse the impact on the process when a parameter is changed or to 
understand how to control and avoid the effect of the problem 

6. Implementing the process 
The significance and effect of implementing the process in product development process is analysed 
and various benefits or damages are observed before taking a decision 
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different types of meshes it was in observation phase where the usage of both triangular and 
tetrahedral element mesh in RD&T could be tried. In the modelling and verification phase, more 
iterations were conducted to improve simulation time even when volume meshes were replaced by 
mid-surface meshes and also when the contact modelling parameters were decreased. To increase the 
performance the entire process was repeated a number of times to observe what improvements would 
reduce the modelling time. Taking into account these observations, some of the new features were 
implemented by Lars Lindkvist which enabled to reiterate the models and simulation with less time. 
These improvements included features such as Gap to Mesh (selecting the nearest nodes in the 
compliant models for the measures), maintaining same direction of the measures and use element sets 
for different thickness of the materials. Later it was observed that the Seam could not be changed once 
the modelling was completed fully. This problem was solved by a new version of the software RD&T 
which saved a lot of time remodelling the whole problem from scratch.   

 

The problem was defined initially with one case and during the project improvements were done on 
the same case, which lead to redefining the case twice later. All the steps were followed for each of 
the cases. The performance of the process was assured by comparing the results of the simulations on 
these three different cases.  
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5	WORK	PROCESS	
In this chapter the work flow for the three cases is explained in detail. It includes both, how the static 
displacement was simulated in RD&T and how Ansa, Nastran and Matlab were used to acquire the 
dynamic displacement. The process described in this chapter will first treat the entire process, 
developed while case 1 was being worked on, and followed by improvements done while case 2 was 
treated. 

The nominal gap between two parts in a split line is acquired from Catia models and is used as a 
starting point when simulating squeak and rattle. To describe the entire process in reality for static 
displacement, the centre stack parts were first located on each other using the locating scheme within 
the subassembly and released only after it is screwed. The release causes spring back but is restrained 
in position by the screws. It is then positioned on the instrument panel and tunnel console. The 
deviations occur due to the tolerances in the parts and the assemblies. At different temperatures, the 
parts change in shape and deformation occurs when they are in use at the customers place, much after 
the product has been assembled. But in this simulation the thermal changes occur before they are 
assembled and screwed. This implies the entire process with the assembly, spring back and the 
fasteners are performed after the parts change their shape. It is assumed that both the conditions are 
quite similar and would have same effect with the change in temperature. 

The dynamic displacement in the real process is observed when the components are assembled 
together and is attached to the car which is then subjected to various loading conditions. The loading 
data was recorded previously at VCC on a test track with the help of accelerometers located at 
different strategic positions. In this simulation it is assumed that the entire assembly is connected to a 
single point below it. The load is then applied onto this point, as if it is located on a shaker table. 

5.1	RD&T	
RD&T was the software used to simulate the part variation that occurred due to dimensional and 
geometrical tolerances, each Monte Carlo run represent one centre stack being manufactured and 
assembled. There are two types of models which can be used in RD&T; rigid and flexible models see 
figure 25. Only the flexible ones can be used to simulate with deformations of components. 

 

 



 

 

The com
were the
flexible 
using th

5.1.1	Se
The sea
compon
surface 
chosen a
surface s
the seam
replaced
investiga
surface o

F

mponents wer
erefore com
behaviour, t
e seam featu

eam	feature
am feature is
ents. One co
strip will by
amount of ga
strip as direc

m and have 
d by mesh r
ated. While 
ones were sig

Figure 25: Ri

re loaded int
mpletely rigid

they can be 
ure.  

e	
s used to cr
omponent is 
y default be 
ap and flush 
ction. Geome
fulfilled thei
epresentation
volume mes
gnificantly f

igid body mo

to RD&T in 
d. While com

used to cre

eate a surfa
always chos
in touch w
measures ca

etrical data, s
ir purpose o
n. The usag
shes resembl
faster to simu

28 

odel (left) an

VRML (Vir
mponents in

eate a series 

ace strip (pin
sen as the lo

with that part
an then be cr
such that is c
nce the mea
e of both vo
led the rigid 
ulate with as 

nd Complian

rtual Reality 
n this forma

of measures

nk in figure 
ocal part (the
t while the o
reated along 
contained in 
asures are cr
olume mesh
model close
it contained 

 

t model (righ

Modelling L
t cannot be 
s along the s

26) and me
e green part i
other part be
the seam usi
VRML files

reated. The g
hes and mid 
ely, it was o
less element

ht) 

Language) fo
used for si

split lines o

easures betw
in figure 26)
ecomes the t
ing the norm

s, is required 
geometrical 
surface mes

observed that
ts. 

ormat and 
imulating 
f interest 

ween two 
) and the 
target. A 

mal of the 
to create 
data was 
shes was 
t the mid 

 



 

 

Measure
containe
that are 
for the g
to the m
the mesh
feature i
which is
during th

es in RD&T
ed in rigid m
used in simu
generated me

model anymor
hed model u
in RD&T pe
s crucial to 
he developm

T take place
models while
ulation with f
easures. Whe
re. So they h
sing the feat
erforms this 
acquire cor

ment of the pr

between tw
e nodes are n
flexible com
en the meshe

had to be mov
ure “Move t
task automa

rrect results. 
roject and im

29 

Figure 26

wo points or
non-geometr

mponents. To 
ed parts wer
ved from the

to Gap” (See
atically but 
This impro

mplemented b

6: Seam with

r nodes. Poi
rical data. N
begin with, 

re imported t
e points of th
e figure 27 an
keeps the di

ovement of t
by Lars Lind

 

h measures 

ints are geom
Nodes are par

the seam fea
the measures
he rigid mod
nd figure 28)
irection of th
the Seam fe
kvist. 

metrical dat
rt of meshed
ature generat
s were not c

del to nearby 
) The “Move
he original m

eature was s

 

ta that is 
d models 
tes points 
onnected 
nodes of 

e to Gap” 
measures 
suggested 



 

 

It was cr
in Ansa 
part, on 
created 
these me

 

 

 

 

5.1.2	Fa
With the
with the

F

  

rucial to mat
with the E-
which the s
on. To solve
easures that w

asteners	
e measures c
e fastener fea

Figure 27: M

 

tch up the am
-line feature.
eam feature 
e this a large
were not rela

Figu

corrected, th
ature in RD&

Measures from

mount and po
. This was d
was used, a

e amount of 
ating to one i

ure 29: Seam

e screws and
&T. Additio

m the seam 

30 

ositions of m
difficult due 
and the mid s
f measures w
in Ansa were

m with more 

d snap fits w
onally three w

measures crea
to the differ

surface mesh
were created 
e then delete

created mea

were realized
weld points 

Figure 28:

 

ated in RD&
rence in shap
hed part on w
in RD&T (s
d. 

sures 

d as fasteners
were used b

Measures w

&T to the one
ape between 
which the E-
see figure 29

 

s which wer
between two

with move to 

es created 
the rigid 
-line was 
9). All of 

e created 
o parts in 

gap featuree 



 

contact t
points w
points do

The loca
but usin
during s
measure

For this 
fastener,
freedom

5.1.3	Ap
In reality
It is conn
inner an
two serie

 

 

 

 

Between
common
model, a
centre st
the need

to lock the d
were used for
oes not really

ating scheme
ng them to re
simulation. T
es or fastener

project, not 
, the directio

m locked. 

pplied	toler
y the centre 
nected to tw

nd the other i
es of parts th

Figure 30: C

n the two se
n part, the b
all part to p
tack had to b

d for any othe

degrees of fre
r all the iter
y affect the s

es for the ind
epresent scre

The locating p
rs. 

all propertie
on of it, the

rances	
stack (yellow
o different p
is the instrum
hat are conne

Centre Stack

eries of parts
body in whit
part tolerance
be joined tog
er meshed pa

eedom. Altho
rations. The 
simulation. 

dividual part
ews would r
points were 

es of the fast
e dimension,

w in figure 3
parts. One is t
ment panel. B
ected. 

k connected

s tolerances 
te (depicted 
es in the two
gether and ap
art to be inclu

31 

ough one we
number of w

ts were need
result in the 
therefore po

teners were c
, the distribu

30) is a comp
the tunnel co
Both of these

to Instrumen

are defined 
as dark pin

o series whi
pplied direct
uded. 

eld point lock
weld points w

ed to be able
parts being 

ositioned so t

considered. O
ution of mat

ponent betwe
onsole which
e are in turn 

nt panel and

and both se
nk in figure 
ich together 
tly on the me

 

ks all 6 DOF
was kept the

e to run Mon
put together

that they wou

Only the geo
ting surfaces

een the two f
h is located b

connected to

d tunnel cons

eries are even
30). In orde
resulted in 

eshed centre 

F, however th
e same as m

nte Carlo sim
er in the wro
uld not inter

ometrical sha
s and the de

front seats o
below the cen
o other parts

sole 

entually attac
er to have a
the variation

e stack. This 

hree weld 
more weld 

mulations 
ong order 
fere with 

ape of the 
egrees of 

f the car. 
ntre stack 
s creating 

ched to a 
a realistic 
ns of the 
removed 



 

In order
models 
simulati
body in 
already p
far a poi
with fou
where th

Furtherm
toleranc
which w
the faste
changed

5.1.4	M
The par
RD&T i
expansio
While t
coefficie

Accordin
are give
value fo
figure 3

 

r to identify 
was run in
on time wou
white. The 

placed as pe
int moved in
ur different p
he centre stac

more, the ga
es. In RD&

was investiga
eners and th

d the size of t

Material	data
rts that make
is affected b
on coefficien
they have si
ent but highe

ng to figure 
en per tempe
r 20°C was t
1 as a base. 

the tolerance
n RD&T. It 
uld be too lo
rigid models
r specificatio
n a certain d
points of the
ck was conne

ap along th
T these tole

ated. The fac
he split line
them and ma

a	
e up the cen
by several m
nt and the de
imilar chara
er Young's m

31 Young’s
erature, speci
taken from th

e values that
is preferab

ong otherwis
s and toleran
ons. Measure
irection duri
e centre stac
ected to othe

he investigat
erances were
tors that dire

es. Furtherm
aterial data di

ntre stack co
material attrib
ensity. The m
acteristics, A
modulus. 

s modulus fo
ific values w
he models us

32 

t are assigne
le to use ri
se. It include
nces between
es of the type
ing simulatio
ck defined as
er parts in the

ted split lin
e applied ac
ectly affected

more fastener
ictated how t

onsist of dif
butes like Yo
materials used
ABS has slig

or ABS vary 
were chosen 
sed at VCC a

ed on the cen
igid parts o
ed all parts b
n them were
e “point-self
on. Three sim
s point-self m
e two series. 

nes varies du
cording to s
d the results 
rs constraine
the individua

fferent mater
oung’s modu
d in the cent
ghtly lower 

due to temp
and those ca

and the other

 

ntre stack a s
ver non-rigi
between the 
 already in u

f” were used.
mulations, on
measures. Th
 

uring manuf
specifications
in RD&T w

ed the parts
al parts woul

rials. The be
ulus, Poisson
tre stack wer

density and

perature. Wh
an be seen i
r ones were i

simulation w
id ones bec
centre stack

use at VCC 
. They measu
ne per axis, 
hese were th

facturing du
s on every 

were the toler
s, thermal e
ld behave. 

ehaviour of 
n's ratio, the
re ABS/PC a
d thermal e

hile a range o
in table 1 an
interpolated u

with rigid 
cause the 
k and the 
and thus 

ured how 
were run 
he points 

ue to set 
split line 
rances on 
xpansion 

a part in 
e thermal 
and ABS. 
xpansion 

of values 
nd 2. The 
using the 

 



33 

   

Figure 31: Young's modulus depending on temperature (Stratasys 400m Inc. 2008) 

The data for how Young’s modulus vary due to temperature for ABS/PC was not found. It was 
instead presumed to follow the same characteristics as ABS, this assumption was supported by experts 
at VCC. From the same model as before the Young’s modulus at 20°C was taken. ABS/PC has a 
Young’s modulus 100 MPa lower than ABS and that offset was assumed for all the temperatures 
investigated. The different material properties in the range of -40°C to 80°C for all the components 
have been listed in the table 1 and 2. The parts made up of ABS/PC are the CS Outer, the CS Frame, 
the Radio, the Radio frame and the Vent ducts. The CS Inner and the Air vent consists of ABS. 

 

Table 1: Material properties for ABS/PC 

ABS PC -40°C -20°C 0°C 20°C 40°C 60°C 80°C 

E (Young’s modulus) 2500 2200 2250 2100 2150 1750 1550 

ρ (Density)    1100    

P (Poissons ratio)    0,3    

Thermal expansion 
coefficient 

   85    

Shear modulus 962 846 865 808 827 673 596 

 

Table 2: Material properties for ABS 

ABS -40°C -20°C 0°C 20°C 40°C 60°C 80°C 

E (Young’s modulus) 2600 2300 2350 2200 2250 1850 1650 

ρ (Density)    1050    

P (Poissons ratio)    0,3    

Thermal expansion 
coefficient 

   73.8    

Shear modulus 1000 885 904 846 865 712 635 
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5.1.5	Element	Thickness	
Depending on how thick the model is in reality, every element in the mid surface mesh has a thickness 
assigned to it. A single complex part can thus have elements with different thicknesses, which is the 
case with the parts in the centre stack. To be able to identify thicknesses in RD&T it is required that 
the files containing the flexible models are structured the correct way, which was done in Ansa. In 
order to realize the thicknesses in RD&T there is a feature which was developed by Lars Lindkvist to 
be use with composite materials. It makes it possible to define different characteristics for different 
sets of elements that still are in the same part. Since one part only contained one material the only 
property that was changed was the thickness.  

5.1.6	Simulation	process	
It was important to have all parts assembled in the correct order during the simulation. To achieve this 
all parts of the centre stack were put into a subassembly which in turn was connected to a fixture via a 
locating scheme. 

During the simulation the parts are placed and held together due to the locating scheme and they vary 
due to manufacturing tolerances on the positioning system. In the next step they are locked together 
with fasteners and later released from the hold of the locating schemes which gives spring back to the 
components. The spring back is the condition where a component tries to fall back to its original 
shape after it is released from the locating scheme. In this case the components are restrained by the 
fasteners. Eventual expansion due to temperature change was to be applied before the Monte Carlo 
runs started.  

 

5.2	Ansa	and	Nastran	
The pre-processor Ansa was used to prepare the models for modal transient analyses in Nastran. The 
results were then input to a Matlab script and the dynamic displacements were acquired. The entire 
centre stack was connected to a single point which then was vibrated according to a signal which was 
recorded on a test track in a real life scenario. 

The centre stack was provided by the NVH department at VCC. It was represented by mid surface 
meshed components, with materials and properties included. Several steps were necessary in order to 
prepare the models for Nastran. The individual parts had to be connected to each other, nodes where 
the dynamic displacement would be measured had to be defined and boundary conditions had to be 
set. 

5.2.1	Connections	and	boundary	conditions	
The parts had to be connected to each other in the same positions in Ansa as in RD&T. All these 
positions were identified and rigid elements were used to connect several nodes of different parts 
forcing them to act as if they were screwed together see figure 32.  
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5.2.3	Text	file	preparations	
Nastran is the software developed by NASA and is used to for structural analyses. The type of 
analysis that was used for this project was a modal transient analysis. It indicates that displacement of 
nodes is simulated with boundary conditions for a set amount of time, in this case the time was 20 
seconds. The boundary conditions were accelerations in x, y and z direction which were acquired by 
VCC on a real life test track. 

Nastran handles text based files. For this project specifically, five files were needed in order to run the 
modal transient analysis. When all preparations were done in Ansa a Nastran (*.nas) file was output. 
It contained information about the centre stack, all nodes, elements and properties needed in Nastran. 
Additionally the boundary conditions were in form of three *.bdf files and contained the acceleration 
over time in x, y and z direction respectively. The last file needed was an *.ecd file which acted as a 
header file. It contained all specifications necessary to run the files in Nastran as well as joined the 
other files together. 

5.2.4	Matlab	
As a result of the modal transient analysis in Nastran a punch file (*.pch) was acquired. To derive the 
result from this file a Matlab script that was developed as a part of the E-line method was used. While 
the punch file contained the relative displacement for all the node pairs on the E-line the geometry for 
these nodes were not included. That had to be input into the Matlab script as a text file and it only 
contained data about the E-line, not anything else on the centre stack. With these two files it was 
possible to visualize the squeak and rattle in Matlab. 

At one instance either rattle or squeak could be chosen and also for only one temperature. In case of 
rattle it was the relative displacement that was the result from the *.pch file, and in case of squeak it 
was maximum principal peak to peak (mpP2P). Once the files were loaded in Matlab the results were 
displayed in plots and in colour coded 3D graphs where the colour indicated the severity of rattle or 
squeak. Finally a text file containing the maximum relative displacement was output. In order to make 
the result more trustworthy it was chosen to ignore all values above 90% of max since these were very 
likely to only be a few stray values. The stray values only occur rarely and thus the squeak and rattle 
they produce would be very brief and negligible for the listener. 

5.2.5	Stick‐slip	measurement	
The only real life experiment conducted in this thesis was with the stick-slip machine at VCC (see 
figure 35). The stick-slip measurement provides the impulse rate between two components when they 
are in squeaking condition. In the machine one piece of a certain material is pressed against another 
with a force specified by the user. The pieces were then slid back and forth against each other with a 
velocity also specified by the user. It was desired to measure the contact force in RD&T and use that 
as an input to the stick-slip machine. However it was discovered that it could not be acquired so the 
machine was run for various values chosen to cover most its range. 
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modulus being lower at higher temperatures decrease the stiffness and thus the relative displacement 
and subsequently the mpP2P is larger thus more squeak occurs. 

For E-line 3 in case 2 the measures 19 to 23 which lie near the upper right corner come closer to each 
other with decreasing temperature. Although it is understood that the parts shrink with decreasing 
temperature, but still the parts come closer to each other at lower temperatures in E-line 3. One of the 
reasons could be the position of the fasteners and also the shape of the parts along the split lines.  

In order to make the model more realistic, tolerances were added on all the fasteners in case 3. The 
graphs have a similar trend as the other two cases, which validates that temperature does affect squeak 
and rattle. But higher values of static displacement are observed which is expected because of the 
tolerances of the fasteners. It is quite logical that with more tolerances on the attachments, the 
variation would be larger. This validates the correctness of the model. 

Although it can be considered that the results are accurate there was lot of factors which could 
contribute error to the final result. In fact there were several uncertain factors which could have 
affected the result. One such factor is that the measures in RD&T were not exactly on the same 
positions as the spring elements in Ansa, both the geometry of the models and the way the 
measures/spring elements were created contributed to that uncertainty. One of the other factors is that 
the fasteners are created near the holes but are not in the exact centre. Additionally the tolerances 
which were given to the fasteners were acquired from drawings depicting later revisions of the parts 
actually used in this thesis. Thus many values had to be estimated.  

A mesh size of 10 mm was considered for this thesis and it could be argued that a smaller mesh size 
could give more accurate results. The models considered in this thesis were meshed by experienced 
employees and have been used earlier in the NVH department at VCC. So the models with the 
particular mesh size were considered to be valid for this thesis work. 

In this thesis, the developers of the RD&T software and the E-line were easily accessible and 
problems could be referred to them without any delay. This close association was understood to be an 
advantage as it decreased the lead time for software updates and obtaining assistance for performing 
simulations. The fact that many files in conjunction with Ansa and Nastran were in text format made 
it easy to modify and overview their content which was a crucial part in the work process.  

 

7.2	CONCLUSION		
Considering all the three cases, it can be concluded that temperature does affect squeak and rattle for 
case I, case II & case III. The dynamic displacement is larger at higher temperatures as the stiffness 
decreases for the parts. But the static displacements could either increase or decrease which depends 
on the position of the measures, the locating schemes and the shape of the part.  

7.3	DELIVERABLES	
 Along with this master thesis three manuals were created for VCC use only which in detail 

describe the steps needed in order to simulate squeak and rattle. These manuals can be found 
at VCC in Perceived Quality department. 

 A number of modifications could be suggested in RD&T and the performance of features 
implemented parallel to the thesis work could be tried. 
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8	RECOMMENDATIONS		
It is important that models in all programs represent reality as close as possible and also that model in 
one program corresponds to the model in the others. In this project, the measures in RD&T did not 
completely correspond to the spring elements in Ansa even though steps were taken in order to make 
it so, such as creating a great amount of measures and then deleting the superfluous ones. It would be 
desired to in the future be able to export the surface strip, which is planned, as well as all the nodes 
measures are connected to from RD&T to Ansa. 

If measures could be exported from RD&T to Ansa it should be considered to revisit the verification 
of having expanded parts versus non-expanded ones in Ansa. 

Many values for the squeak limit were taken from an already created database. It did not contain all 
values needed, especially not for temperatures other than 20°C. It should be considered to expand this 
database to include a more complete selection of materials at different temperatures and humidity. It 
should also be investigated how to simulate the contact force between two parts in contact. This could 
then be used in the stick slip experiment to get more valid results. 

Due to time constraint only 500 runs were selected. With the new RD&T version with the optimizer, 
the other models could be simulated with higher number of runs to observe the changes in the result. 

Due to the scope of the project, contact force used in the slip stick measurement was considered from 
expert advises. However in the future work it could be considered to deduce the correct contact forces 
when two parts are in contact with each other.  

In order to observe if the dynamic displacement values obtained from simulations are accurate or not, 
they should be compared by conducting similar experiments. So, in the future the whole set up can be 
mounted on a shaker table and a climate chamber to obtain real time outputs. With the help of this set 
up the dynamic displacement values could be observed for various temperatures.  
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Appendix	A	–	Continuous	improvements	
In this appendix improvements that were implemented in RD&T are described. 

 February 12th: New RD&T with thermal expansion also works for parabolic 
elements. 

 February 19th: Contact modelling now works with solid elements. 

 Mars 19th: The “Move Gap to Mesh” feature was implemented. 

 Mars 21th: Using the composite feature for one material but several thicknesses was 
introduced. 

 April 4th: To maintain the correct tolerance directions after using “Move Gap to 
Mesh” a “Copy Direction from Measures” was introduced which automatically 
accomplishes that. 

 April 29th: A bug preventing a seam to be created if both compliant and rigid models 
were present was solved. 

 May 19th: An optimisation routine for contact modelling was introduced effectively 
reducing the simulation time by 98%. 
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Appendix	B	–	Result	sheet	
In this appendix the result sheet can be found from which the graphs in the result chapter 
were derived. 

 

Figure 42: Result sheet with nominal gap, static displacement and dynamic displacement at 
20°C,80°C and 60°CFor E-line 1. 

 

 

60 DEGREES

Measure  Nominal GMean 8 Sig  Ds(max)20 Dd(max) 20Mean 8 Sig  Ds(max)80 Dd(max)80Mean 8 Sig  Ds(max)60 Dd(max) 60

SEAM 1

1001 1 3,68 1,84 0,92 0,00072 3,73 1,84 0,92 0,00099 3,69 1,84 0,92 0,00088

1002 1 3,43 2,75 1,375 0,00177 3,56 2,75 1,375 0,00232 3,49 2,75 1,375 0,00208

1003 1 3,45 2,16 1,08 0,0041 3,62 2,15 1,075 0,00548 3,54 2,15 1,075 0,00476

1004 1 3,62 2,05 1,025 0,00649 3,76 2,05 1,025 0,00872 3,69 2,05 1,025 0,00747

1005 1 4,03 1,96 0,98 0,00799 4,04 1,96 0,98 0,01088 4,04 1,96 0,98 0,0099

1006 1 4,02 1,91 0,955 0,00433 4,02 1,91 0,955 0,00573 4,02 1,91 0,955 0,00516

1007 1 4,08 2,18 1,09 0,00373 4,13 2,18 1,09 0,00493 4,1 2,18 1,09 0,00449

1008 1 4,05 2,17 1,085 0,00532 4,17 2,18 1,09 0,00687 4,12 2,18 1,09 0,00618

1009 1 3,85 2,16 1,08 0,01033 3,98 2,16 1,08 0,01181 3,93 2,16 1,08 0,01098

1010 1 3,95 2,14 1,07 0,0121 4,05 2,16 1,08 0,01277 4,01 2,16 1,08 0,01246

1011 1 3,95 2,14 1,07 0,00681 4,01 2,17 1,085 0,00848 3,99 2,16 1,08 0,00784

1012 1 4,01 2,17 1,085 0,00845 4,07 2,19 1,095 0,00967 4,05 2,19 1,095 0,00867

1013 1 4,16 2,23 1,115 0,01288 4,21 2,24 1,12 0,01276 4,2 2,24 1,12 0,01224

1014 1 3,14 2,23 1,115 0,01203 3,14 2,23 1,115 0,01245 3,14 2,23 1,115 0,01213

1015 1 3,1 2,73 1,365 0,01354 3,07 2,73 1,365 0,01909 3,07 2,73 1,365 0,01726

1016 1 3,1 2,77 1,385 0,01198 3,1 2,77 1,385 0,01458 3,09 2,77 1,385 0,01332

1017 1 3,08 2,8 1,4 0,02496 3,11 2,81 1,405 0,03337 3,09 2,8 1,4 0,02971

1018 1 3,11 2,93 1,465 0,03284 3,15 2,94 1,47 0,04126 3,13 2,93 1,465 0,03723

1019 1 3,1 1,96 0,98 0,0461 3,14 1,97 0,985 0,05152 3,13 1,96 0,98 0,04614

1020 1 3,59 1,83 0,915 0,05515 3,5 1,84 0,92 0,06279 3,53 1,83 0,915 0,0566

1021 1 3,6 1,55 0,775 0,0437 3,65 1,56 0,78 0,04971 3,63 1,56 0,78 0,04504

1022 1 3,64 1,52 0,76 0,09217 3,74 1,53 0,765 0,13157 3,7 1,52 0,76 0,11667

1023 1 3,23 3,12 1,56 0,09583 2,62 3,11 1,555 0,13692 2,84 3,12 1,56 0,12125

1024 1 2,38 2,68 1,34 0,08689 1,83 2,67 1,335 0,12142 2,03 2,67 1,335 0,10809

1025 1 3,67 3 1,5 0,05442 3,33 3 1,5 0,06107 3,43 3 1,5 0,05254

1026 1 4,63 2,77 1,385 0,04911 4,47 2,77 1,385 0,05364 4,5 2,77 1,385 0,04633

1027 1 4,21 2,65 1,325 0,03123 4,14 2,65 1,325 0,03425 4,14 2,65 1,325 0,02954

1028 1 4,1 2,58 1,29 0,01523 4,13 2,58 1,29 0,01702 4,09 2,58 1,29 0,01455

1029 1 4,13 0,71 0,355 0,01566 4,23 0,711 0,3555 0,02125 4,2 0,711 0,3555 0,0188

1030 1 4,2 2,14 1,07 0,01067 4,42 2,14 1,07 0,0144 4,34 2,14 1,07 0,01295

1031 1 3,94 2,19 1,095 0,0112 4,15 2,19 1,095 0,01308 4,08 2,19 1,095 0,01248

1032 1 3,93 2,17 1,085 0,01052 4,09 2,17 1,085 0,01211 4,04 2,17 1,085 0,01135

1033 1 3,93 2,19 1,095 0,00557 4,05 2,19 1,095 0,00606 4,01 2,19 1,095 0,00567

1034 1 3,94 2,19 1,095 0,0053 4 2,19 1,095 0,00696 3,98 2,19 1,095 0,00622

1035 1 4,06 2,19 1,095 0,01268 4,09 2,19 1,095 0,01433 4,09 2,19 1,095 0,0129

1036 1 4,09 2,2 1,1 0,01195 4,08 2,2 1,1 0,01361 4,08 2,2 1,1 0,01233

1037 1 4,1 2,05 1,025 0,00584 4,1 2,05 1,025 0,00715 4,13 2,05 1,025 0,0064

1038 1 4,29 2,11 1,055 0,00431 4,33 2,11 1,055 0,00572 4,35 2,11 1,055 0,00508

1039 1 3,53 2,04 1,02 0,00591 3,66 2,03 1,015 0,00774 3,6 2,03 1,015 0,00711

1040 1 3,44 2,13 1,065 0,00787 3,55 2,13 1,065 0,01046 3,51 2,13 1,065 0,00947

1041 1 3,68 2,52 1,26 0,0073 3,76 2,51 1,255 0,00924 3,73 2,51 1,255 0,00829

1042 1 3,46 2,48 1,24 0,00446 3,5 2,47 1,235 0,00573 3,47 2,48 1,24 0,00505

20 DEGREES 80 DEGREES
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40 DEGREES 0 DEGREES ~20 DEGREES ~40 DEGREES

Measure  Mean 8 Sig  Ds(max) 40Dd(max) 40Mean 8 Sig  Ds(max)0 Dd(max) 0 Mean 8 Sig  Ds(max) ‐20Dd(max) ‐2Mean 8 Sig  Ds(max)‐40Dd(max)‐40

SEAM 1

1001 3,7 1,84 0,92 0,00071 3,66 1,84 0,92 0,00064 3,64 1,84 0,92 0,00064 3,62 1,84 0,92 0,00056

1002 3,47 2,75 1,375 0,0017 3,39 2,75 1,375 0,00157 3,35 2,75 1,375 0,00164 3,3 2,75 1,375 0,00136

1003 3,51 2,15 1,075 0,00402 3,4 2,16 1,08 0,00383 3,34 2,16 1,08 0,00393 3,29 2,16 1,08 0,00348

1004 3,67 2,05 1,025 0,00632 3,57 2,05 1,025 0,00604 3,53 2,05 1,025 0,00615 3,48 2,05 1,025 0,00554

1005 4,03 1,96 0,98 0,00764 4,03 1,96 0,98 0,00694 4,03 1,96 0,98 0,00729 4,02 1,96 0,98 0,00615

1006 4,02 1,91 0,955 0,00414 4,02 1,91 0,955 0,00391 4,02 1,91 0,955 0,00401 4,02 1,91 0,955 0,00335

1007 4,1 2,18 1,09 0,00361 4,07 2,18 1,09 0,00336 4,05 2,18 1,09 0,00347 4,04 2,18 1,09 0,00281

1008 4,09 2,17 1,085 0,00515 4,02 2,17 1,085 0,00474 3,98 2,17 1,085 0,00498 3,94 2,17 1,085 0,00401

1009 3,89 2,16 1,08 0,00982 3,82 2,16 1,08 0,00892 3,78 2,15 1,075 0,00932 3,74 2,15 1,075 0,00754

1010 3,98 2,15 1,075 0,01133 3,92 2,13 1,065 0,0101 3,89 2,13 1,065 0,0106 3,87 2,12 1,06 0,00831

1011 3,97 2,15 1,075 0,00655 3,93 2,14 1,07 0,00595 3,92 2,13 1,065 0,0062 3,91 2,12 1,06 0,00504

1012 4,03 2,18 1,09 0,00807 4 2,17 1,085 0,00742 3,98 2,17 1,085 0,00768 3,97 2,16 1,08 0,00639

1013 4,18 2,24 1,12 0,01227 4,14 2,23 1,115 0,0111 4,12 2,23 1,115 0,01166 4,11 2,23 1,115 0,00891

1014 3,14 2,23 1,115 0,01153 3,14 2,22 1,11 0,01052 3,14 2,22 1,11 0,01099 3,14 2,22 1,11 0,00837

1015 3,09 2,73 1,365 0,01313 3,11 2,73 1,365 0,01252 3,12 2,73 1,365 0,01281 3,13 2,73 1,365 0,0108

1016 3,1 2,77 1,385 0,01141 3,1 2,77 1,385 0,01049 3,1 2,77 1,385 0,01094 3,1 2,77 1,385 0,0088

1017 3,09 2,8 1,4 0,02405 3,07 2,8 1,4 0,02297 3,05 2,8 1,4 0,02345 3,04 2,8 1,4 0,01982

1018 3,12 2,93 1,465 0,0319 3,1 2,93 1,465 0,02959 3,08 2,92 1,46 0,03077 3,07 2,92 1,46 0,02514

1019 3,12 1,96 0,98 0,04351 3,09 1,95 0,975 0,03915 3,07 1,95 0,975 0,0411 3,06 1,94 0,97 0,03365

1020 3,56 1,83 0,915 0,05222 3,61 1,82 0,91 0,0471 3,64 1,82 0,91 0,04944 3,66 1,82 0,91 0,04061

1021 3,62 1,55 0,775 0,04158 3,58 1,55 0,775 0,03768 3,56 1,54 0,77 0,03952 3,54 1,54 0,77 0,03246

1022 3,67 1,52 0,76 0,08848 3,6 1,51 0,755 0,08447 3,56 1,51 0,755 0,08577 3,52 1,51 0,755 0,07221

1023 3,03 3,12 1,56 0,0928 3,42 3,13 1,565 0,08841 3,62 3,13 1,565 0,09004 3,82 3,13 1,565 0,07561

1024 2,2 2,68 1,34 0,08321 2,57 2,69 1,345 0,07909 2,75 2,69 1,345 0,08126 2,93 2,7 1,35 0,06807

1025 3,56 3 1,5 0,05229 3,78 3 1,5 0,04762 3,89 3 1,5 0,0498 4 3 1,5 0,03979

1026 4,58 2,77 1,385 0,04694 4,69 2,77 1,385 0,0425 4,74 2,77 1,385 0,04467 4,8 2,77 1,385 0,03517

1027 4,19 2,65 1,325 0,02985 4,23 2,65 1,325 0,02682 4,26 2,65 1,325 0,02823 4,28 2,65 1,325 0,02214

1028 4,11 2,58 1,29 0,01465 4,09 2,58 1,29 0,01332 4,08 2,58 1,29 0,01394 4,06 2,58 1,29 0,01113

1029 4,16 0,71 0,355 0,01512 4,1 0,711 0,3555 0,01451 4,06 0,711 0,3555 0,01475 4,03 0,711 0,3555 0,0125

1030 4,27 2,14 1,07 0,01036 4,13 2,14 1,07 0,00997 4,05 2,14 1,07 0,01001 3,98 2,14 1,07 0,00861

1031 4,01 2,19 1,095 0,01079 3,86 2,19 1,095 0,01003 3,79 2,19 1,095 0,01042 3,72 2,19 1,095 0,00837

1032 3,98 2,17 1,085 0,01007 3,87 2,17 1,085 0,0093 3,82 2,17 1,085 0,00972 3,76 2,17 1,085 0,0078

1033 3,97 2,19 1,095 0,00536 3,89 2,19 1,095 0,00492 3,85 2,19 1,095 0,00512 3,8 2,19 1,095 0,00409

1034 3,96 2,19 1,095 0,00507 3,92 2,19 1,095 0,00477 3,9 2,19 1,095 0,00486 3,88 2,19 1,095 0,00419

1035 4,07 2,19 1,095 0,012 4,05 2,19 1,095 0,01091 4,04 2,19 1,095 0,0115 4,03 2,19 1,095 0,0091

1036 4,09 2,2 1,1 0,01128 4,1 2,2 1,1 0,01025 4,11 2,2 1,1 0,01073 4,11 2,2 1,1 0,0083

1037 4,1 2,05 1,025 0,00563 4,09 2,05 1,025 0,00512 4,09 2,05 1,025 0,00538 4,09 2,05 1,025 0,00428

1038 4,31 2,11 1,055 0,00418 4,28 2,11 1,055 0,00392 4,27 2,11 1,055 0,00404 4,26 2,11 1,055 0,0033

1039 3,57 2,04 1,02 0,0057 3,48 2,04 1,02 0,00533 3,44 2,04 1,02 0,0055 3,39 2,04 1,02 0,00453

1040 3,48 2,13 1,065 0,00754 3,41 2,13 1,065 0,00693 3,38 2,14 1,07 0,00716 3,35 2,14 1,07 0,00594

1041 3,71 2,52 1,26 0,00702 3,66 2,52 1,26 0,00658 3,63 2,52 1,26 0,00678 3,61 2,53 1,265 0,00575

1042 3,47 2,48 1,24 0,00428 3,44 2,48 1,24 0,004 3,43 2,48 1,24 0,00413 3,42 2,48 1,24 0,00351

 

 

Figure 43: Result sheet with nominal gap, static displacement and dynamic displacement at 
40°C,0°C, -20°C and -40°C for E-line 1. 
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Measure  80 60 40 20 0 (‐20) (‐40) 80 60 40 0 ‐20 ‐40

SEAM 1

1001 0,12901 0,08912 0,09929 0,07928 0,05936 0,03936 0,0194 0,05 0,01 0,02 ‐0,02 ‐0,04 ‐0,06

1002 ‐0,24732 ‐0,31708 ‐0,3367 ‐0,37677 ‐0,41657 ‐0,45664 ‐0,5064 0,13 0,06 0,04 ‐0,04 ‐0,08 ‐0,13

1003 0,08952 0,01024 ‐0,01902 ‐0,0841 ‐0,13383 ‐0,19393 ‐0,2435 0,17 0,09 0,06 ‐0,05 ‐0,11 ‐0,16

1004 0,10628 0,03753 0,01868 ‐0,03149 ‐0,08104 ‐0,12115 ‐0,1705 0,14 0,07 0,05 ‐0,05 ‐0,09 ‐0,14

1005 0,01912 0,0201 0,01236 0,01201 0,01306 0,01271 0,0038 0,01 0,01 0 0 0 ‐0,01

1006 0,03927 0,03984 0,04086 0,04067 0,04109 0,04099 0,0417 0 0 0 0 0 0

1007 ‐0,04493 ‐0,07449 ‐0,07361 ‐0,09373 ‐0,10336 ‐0,12347 ‐0,1328 0,05 0,02 0,02 ‐0,01 ‐0,03 ‐0,04

1008 0,02313 ‐0,02618 ‐0,05015 ‐0,09032 ‐0,11974 ‐0,15998 ‐0,1990 0,12 0,07 0,04 ‐0,03 ‐0,07 ‐0,11

1009 0,03819 ‐0,01098 ‐0,04982 ‐0,09033 ‐0,11892 ‐0,15432 ‐0,1925 0,13 0,08 0,04 ‐0,03 ‐0,07 ‐0,11

1010 0,00723 ‐0,03246 ‐0,05633 ‐0,0821 ‐0,1051 ‐0,1356 ‐0,1483 0,1 0,06 0,03 ‐0,03 ‐0,06 ‐0,08

1011 ‐0,03348 ‐0,04784 ‐0,06155 ‐0,07681 ‐0,09595 ‐0,1012 ‐0,1050 0,06 0,04 0,02 ‐0,02 ‐0,03 ‐0,04

1012 ‐0,04467 ‐0,06367 ‐0,07807 ‐0,09345 ‐0,10242 ‐0,12268 ‐0,1264 0,06 0,04 0,02 ‐0,01 ‐0,03 ‐0,04

1013 ‐0,08276 ‐0,09224 ‐0,11227 ‐0,12788 ‐0,1461 ‐0,16666 ‐0,1739 0,05 0,04 0,02 ‐0,02 ‐0,04 ‐0,05

1014 ‐0,12745 ‐0,12713 ‐0,12653 ‐0,12703 ‐0,12052 ‐0,12099 ‐0,1184 0 0 0 0 0 0

1015 ‐0,41409 ‐0,41226 ‐0,38813 ‐0,37854 ‐0,36752 ‐0,35781 ‐0,3458 ‐0,03 ‐0,03 ‐0,01 0,01 0,02 0,03

1016 ‐0,39958 ‐0,40832 ‐0,39641 ‐0,39698 ‐0,39549 ‐0,39594 ‐0,3938 0 ‐0,01 0 0 0 0

1017 ‐0,40837 ‐0,41971 ‐0,41405 ‐0,42496 ‐0,43297 ‐0,45345 ‐0,4598 0,03 0,01 0,01 ‐0,01 ‐0,03 ‐0,04

1018 ‐0,47126 ‐0,48223 ‐0,4869 ‐0,49784 ‐0,50459 ‐0,52077 ‐0,5251 0,04 0,02 0,01 ‐0,01 ‐0,03 ‐0,04

1019 0,00348 0,00386 ‐0,00351 ‐0,0261 ‐0,02415 ‐0,0461 ‐0,0437 0,04 0,03 0,02 ‐0,01 ‐0,03 ‐0,04

1020 ‐0,07279 ‐0,0316 0,00278 0,02985 0,0629 0,09056 0,1194 ‐0,09 ‐0,06 ‐0,03 0,02 0,05 0,07

1021 0,22029 0,20496 0,20342 0,1813 0,16732 0,15048 0,1375 0,05 0,03 0,02 ‐0,02 ‐0,04 ‐0,06

1022 0,20343 0,18333 0,18152 0,14783 0,12053 0,07923 0,0528 0,1 0,06 0,03 ‐0,04 ‐0,08 ‐0,12

1023 ‐1,30192 ‐1,07125 ‐0,8528 ‐0,65583 ‐0,46341 ‐0,26504 ‐0,0506 ‐0,61 ‐0,39 ‐0,2 0,19 0,39 0,59

1024 ‐1,00642 ‐0,79309 ‐0,60321 ‐0,42689 ‐0,23409 ‐0,05626 0,1319 ‐0,55 ‐0,35 ‐0,18 0,19 0,37 0,55

1025 ‐0,90107 ‐0,79254 ‐0,66229 ‐0,55442 ‐0,43762 ‐0,3298 ‐0,2098 ‐0,34 ‐0,24 ‐0,11 0,11 0,22 0,33

1026 ‐0,59864 ‐0,56133 ‐0,48194 ‐0,43411 ‐0,3675 ‐0,31967 ‐0,2502 ‐0,16 ‐0,13 ‐0,05 0,06 0,11 0,17

1027 ‐0,42925 ‐0,42454 ‐0,37485 ‐0,35623 ‐0,33182 ‐0,30323 ‐0,2771 ‐0,07 ‐0,07 ‐0,02 0,02 0,05 0,07

1028 ‐0,27702 ‐0,31455 ‐0,29465 ‐0,30523 ‐0,31332 ‐0,32394 ‐0,3411 0,03 ‐0,01 0,01 ‐0,01 ‐0,02 ‐0,04

1029 0,72325 0,6957 0,65988 0,62934 0,59999 0,55975 0,5320 0,1 0,07 0,03 ‐0,03 ‐0,07 ‐0,1

1030 0,1356 0,05705 ‐0,01036 ‐0,08067 ‐0,14997 ‐0,23001 ‐0,2986 0,22 0,14 0,07 ‐0,07 ‐0,15 ‐0,22

1031 0,10192 0,03252 ‐0,03579 ‐0,1062 ‐0,18503 ‐0,25542 ‐0,3234 0,21 0,14 0,07 ‐0,08 ‐0,15 ‐0,22

1032 0,06289 0,01365 ‐0,04507 ‐0,09552 ‐0,1543 ‐0,20472 ‐0,2628 0,16 0,11 0,05 ‐0,06 ‐0,11 ‐0,17

1033 0,01894 ‐0,02067 ‐0,06036 ‐0,10057 ‐0,13992 ‐0,18012 ‐0,2291 0,12 0,08 0,04 ‐0,04 ‐0,08 ‐0,13

1034 ‐0,04196 ‐0,06122 ‐0,08007 ‐0,1003 ‐0,11977 ‐0,13986 ‐0,1592 0,06 0,04 0,02 ‐0,02 ‐0,04 ‐0,06

1035 ‐0,07933 ‐0,0779 ‐0,097 ‐0,10768 ‐0,11591 ‐0,1265 ‐0,1341 0,03 0,03 0,01 ‐0,01 ‐0,02 ‐0,03

1036 ‐0,12361 ‐0,12233 ‐0,11128 ‐0,11195 ‐0,10025 ‐0,09073 ‐0,0883 ‐0,01 ‐0,01 0 0,01 0,02 0,02

1037 ‐0,03215 ‐0,0014 ‐0,03063 ‐0,03084 ‐0,04012 ‐0,04038 ‐0,0393 0 0,03 0 ‐0,01 ‐0,01 ‐0,01

1038 ‐0,02072 ‐8E‐05 ‐0,03918 ‐0,05931 ‐0,06892 ‐0,07904 ‐0,0883 0,04 0,06 0,02 ‐0,01 ‐0,02 ‐0,03

1039 0,10726 0,04789 0,0143 ‐0,02591 ‐0,07533 ‐0,1155 ‐0,1645 0,13 0,07 0,04 ‐0,05 ‐0,09 ‐0,14

1040 0,03454 ‐0,00447 ‐0,03254 ‐0,07287 ‐0,10193 ‐0,13716 ‐0,1659 0,11 0,07 0,04 ‐0,03 ‐0,06 ‐0,09

1041 ‐0,18424 ‐0,21329 ‐0,23702 ‐0,2673 ‐0,28658 ‐0,31678 ‐0,3408 0,08 0,05 0,03 ‐0,02 ‐0,05 ‐0,07

1042 ‐0,20073 ‐0,23505 ‐0,23428 ‐0,24446 ‐0,264 ‐0,27413 ‐0,2835 0,04 0,01 0,01 ‐0,02 ‐0,03 ‐0,04

RATTLE AT  MEAN SHIFT

Figure 44: Result sheet with rattle condition according to formula 1 and mean shift from static 
displacement simulations for E-line 1. 
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Measure  80 60 40 20 0 ‐20 ‐40

SEAM 1

1001 0,87 0,91 0,9 0,92 0,94 0,96 0,98

1002 1,245 1,315 1,335 1,375 1,415 1,455 1,505

1003 0,905 0,985 1,015 1,08 1,13 1,19 1,24

1004 0,885 0,955 0,975 1,025 1,075 1,115 1,165

1005 0,97 0,97 0,98 0,98 0,98 0,98 0,99

1006 0,955 0,955 0,955 0,955 0,955 0,955 0,955

1007 1,04 1,07 1,07 1,09 1,1 1,12 1,13

1008 0,97 1,02 1,045 1,085 1,115 1,155 1,195

1009 0,95 1 1,04 1,08 1,11 1,145 1,185

1010 0,98 1,02 1,045 1,07 1,095 1,125 1,14

1011 1,025 1,04 1,055 1,07 1,09 1,095 1,1

1012 1,035 1,055 1,07 1,085 1,095 1,115 1,12

1013 1,07 1,08 1,1 1,115 1,135 1,155 1,165

1014 1,115 1,115 1,115 1,115 1,11 1,11 1,11

1015 1,395 1,395 1,375 1,365 1,355 1,345 1,335

1016 1,385 1,395 1,385 1,385 1,385 1,385 1,385

1017 1,375 1,39 1,39 1,4 1,41 1,43 1,44

1018 1,43 1,445 1,455 1,465 1,475 1,49 1,5

1019 0,945 0,95 0,96 0,98 0,985 1,005 1,01

1020 1,01 0,975 0,945 0,915 0,89 0,86 0,84

1021 0,73 0,75 0,755 0,775 0,795 0,81 0,83

1022 0,665 0,7 0,73 0,76 0,795 0,835 0,875

1023 2,165 1,95 1,76 1,56 1,375 1,175 0,975

1024 1,885 1,685 1,52 1,34 1,155 0,975 0,8

1025 1,84 1,74 1,61 1,5 1,39 1,28 1,17

1026 1,545 1,515 1,435 1,385 1,325 1,275 1,215

1027 1,395 1,395 1,345 1,325 1,305 1,275 1,255

1028 1,26 1,3 1,28 1,29 1,3 1,31 1,33

1029 0,2555 0,2855 0,325 0,355 0,3855 0,4255 0,4555

1030 0,85 0,93 1 1,07 1,14 1,22 1,29

1031 0,885 0,955 1,025 1,095 1,175 1,245 1,315

1032 0,925 0,975 1,035 1,085 1,145 1,195 1,255

1033 0,975 1,015 1,055 1,095 1,135 1,175 1,225

1034 1,035 1,055 1,075 1,095 1,115 1,135 1,155

1035 1,065 1,065 1,085 1,095 1,105 1,115 1,125

1036 1,11 1,11 1,1 1,1 1,09 1,08 1,08

1037 1,025 0,995 1,025 1,025 1,035 1,035 1,035

1038 1,015 0,995 1,035 1,055 1,065 1,075 1,085

1039 0,885 0,945 0,98 1,02 1,07 1,11 1,16

1040 0,955 0,995 1,025 1,065 1,095 1,13 1,16

1041 1,175 1,205 1,23 1,26 1,28 1,31 1,335

1042 1,195 1,23 1,23 1,24 1,26 1,27 1,28

STATIC DISPLACEMENT

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: Results from static displacement simulations for E-line 1. 
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60 DEGREES

Measure  Nominal Gap Mean 8 Sig  Ds(max)20 Dd(max) 20 Mean 8 Sig  Ds(max)80 Dd(max)80 Mean 8 Sig  Ds(max)60 Dd(max) 60

SEAM 2

3001 0,35 2,18 1,23 0,615 0,01616 2,1 1,23 0,615 0,01723 2,14 1,23 0,615 0,01539

3002 0,35 2,08 1,17 0,585 0,00738 2,02 1,17 0,585 0,00794 2,06 1,17 0,585 0,00735

3003 0,35 2,07 1,18 0,59 0,00528 2,02 1,18 0,59 0,00568 2,05 1,18 0,59 0,00536

3004 0,35 2,06 1,18 0,59 0,0035 2,01 1,18 0,59 0,00384 2,04 1,18 0,59 0,0036

3005 0,35 2,05 1,16 0,58 0,0029 2,04 1,16 0,58 0,00374 2,05 1,16 0,58 0,00332

3006 0,35 2,04 1,15 0,575 0,00312 2,04 1,15 0,575 0,0039 2,05 1,15 0,575 0,00336

3007 0,35 2,03 1,15 0,575 0,00151 2,07 1,15 0,575 0,00162 2,06 1,15 0,575 0,0015

3008 0,35 2,12 1,18 0,59 0,00439 2,18 1,18 0,59 0,00577 2,17 1,18 0,59 0,00538

3009 0,35 2,31 1,19 0,595 0,00528 2,36 1,19 0,595 0,00757 2,35 1,19 0,595 0,00655

3010 0,35 2,1 1,17 0,585 0,0032 2,14 1,17 0,585 0,00439 2,14 1,17 0,585 0,00384

3011 0,35 2,12 1,16 0,58 0,00752 2,15 1,16 0,58 0,01106 2,15 1,16 0,58 0,0095

3012 0,35 2,11 1,16 0,58 0,00771 2,12 1,16 0,58 0,01094 2,13 1,16 0,58 0,00939

3013 0,35 2,13 1,16 0,58 0,00609 2,15 1,16 0,58 0,00854 2,16 1,16 0,58 0,00728

3014 0,35 2,13 1,17 0,585 0,00399 2,15 1,16 0,58 0,00566 2,16 1,16 0,58 0,00487

3015 0,35 2,16 1,18 0,59 0,00208 2,17 1,18 0,59 0,00264 2,18 1,18 0,59 0,00235

3016 0,70 1,96 2,11 1,055 0,00179 1,98 2,12 1,06 0,00237 1,96 2,12 1,06 0,00211

3017 0,70 2,03 2,12 1,06 0,00164 2,04 2,12 1,06 0,00224 2,03 2,12 1,06 0,00202

3018 0,70 2,06 2,12 1,06 0,00439 2,06 2,12 1,06 0,00592 2,05 2,12 1,06 0,00544

3019 0,35 2,14 1,2 0,6 0,00525 2,15 1,2 0,6 0,0069 2,13 1,2 0,6 0,0062

3020 0,35 2,16 1,17 0,585 0,00227 2,15 1,17 0,585 0,00308 2,14 1,17 0,585 0,00276

3021 0,35 2,14 1,2 0,6 0,00222 2,14 1,2 0,6 0,00314 2,13 1,2 0,6 0,00267

3022 0,35 2,14 1,2 0,6 0,00207 2,14 1,2 0,6 0,00294 2,13 1,2 0,6 0,00251

3023 0,35 2,1 1,17 0,585 0,00142 2,09 1,17 0,585 0,00171 2,08 1,17 0,585 0,00154

3024 0,35 2,1 1,15 0,575 0,00304 2,09 1,15 0,575 0,00407 2,08 1,15 0,575 0,00359

3025 0,35 2,14 1,2 0,6 0,00695 2,18 1,2 0,6 0,00979 2,16 1,2 0,6 0,0087

3026 0,35 2,03 1,16 0,58 0,00639 2,09 1,16 0,58 0,00872 2,06 1,16 0,58 0,00781

3027 0,35 2,03 1,18 0,59 0,00165 2,07 1,18 0,59 0,00197 2,06 1,18 0,59 0,00178

3028 0,35 2,05 1,17 0,585 0,00261 2,09 1,17 0,585 0,00302 2,07 1,17 0,585 0,00272

3029 0,35 2,06 1,15 0,575 0,00261 2,11 1,15 0,575 0,00293 2,08 1,15 0,575 0,0027

3030 0,35 2,07 1,16 0,58 0,00295 2,09 1,16 0,58 0,0038 2,07 1,16 0,58 0,00338

3031 0,35 2,08 1,18 0,59 0,00459 2,1 1,18 0,59 0,00586 2,09 1,18 0,59 0,00525

3032 0,35 2,08 1,17 0,585 0,00718 2,09 1,16 0,58 0,00865 2,08 1,16 0,58 0,00781

SEAM 3

5001 0,6 2,41 1,39 0,695 0,01379 2,44 1,39 0,695 0,01878 2,42 1,39 0,695 0,01625

5002 0,6 2,42 1,38 0,69 0,00728 2,41 1,38 0,69 0,0088 2,4 1,38 0,69 0,00794

5003 0,6 2,42 1,41 0,705 0,00296 2,41 1,41 0,705 0,00356 2,4 1,41 0,705 0,00317

5004 0,6 2,43 1,38 0,69 0,0012 2,44 1,38 0,69 0,00158 2,42 1,38 0,69 0,00141

5005 0,6 2,45 1,34 0,67 0,00113 2,48 1,34 0,67 0,00145 2,46 1,34 0,67 0,00134

5006 0,6 2,45 1,14 0,57 0,00097 2,52 1,14 0,57 0,00121 2,5 1,14 0,57 0,00114

5007 0,6 2,52 1,17 0,585 0,00466 2,54 1,17 0,585 0,0064 2,53 1,17 0,585 0,00571

5008 0,6 2,52 1,2 0,6 0,00912 2,48 1,2 0,6 0,01247 2,48 1,2 0,6 0,01125

5009 0,6 2,53 1,21 0,605 0,01131 2,5 1,21 0,605 0,01543 2,5 1,21 0,605 0,01396

5010 0,6 2,53 1,21 0,605 0,01346 2,51 1,21 0,605 0,01853 2,51 1,21 0,605 0,01671

5011 0,6 2,53 1,25 0,625 0,01577 2,54 1,25 0,625 0,02169 2,52 1,25 0,625 0,01952

5012 0,6 2,53 1,32 0,66 0,01755 2,56 1,32 0,66 0,02406 2,54 1,32 0,66 0,02164

5013 0,6 2,53 1,23 0,615 0,01767 2,56 1,23 0,615 0,02424 2,54 1,23 0,615 0,02149

5014 0,6 2,53 1,19 0,595 0,01594 2,55 1,19 0,595 0,02194 2,53 1,19 0,595 0,01939

5015 0,6 2,52 1,21 0,605 0,01356 2,54 1,21 0,605 0,01874 2,53 1,21 0,605 0,01654

5016 0,6 2,52 1,19 0,595 0,01131 2,52 1,19 0,595 0,01567 2,52 1,19 0,595 0,01387

5017 0,6 2,51 1,18 0,59 0,00901 2,51 1,18 0,59 0,01244 2,51 1,18 0,59 0,01121

5018 0,6 2,54 1,15 0,575 0,00458 2,51 1,15 0,575 0,0064 2,52 1,15 0,575 0,0057

5019 0,6 2,33 1,44 0,72 0,00074 2,48 1,44 0,72 0,00102 2,43 1,44 0,72 0,00089

5020 0,6 2,42 1,45 0,725 0,00107 2,61 1,45 0,725 0,00144 2,55 1,45 0,725 0,00126

5021 0,6 2,41 1,48 0,74 0,00125 2,58 1,48 0,74 0,00168 2,53 1,48 0,74 0,00149

5022 0,6 2,42 1,44 0,72 0,00315 2,61 1,44 0,72 0,00335 2,55 1,44 0,72 0,00311

5023 0,6 2,41 1,49 0,745 0,00817 2,6 1,49 0,745 0,00939 2,54 1,49 0,745 0,00845

20 DEGREES 80 DEGREES

Figure 46: Result sheet with nominal gap, static displacement and dynamic displacement at 
20°C,80°C and 60°CFor E-line 2 and 3. 



79 

   

40 DEGREES 0 DEGREES ~20 DEGREES ~40 DEGREES

Measure  Mean 8 Sig  Ds(max) 40 Dd(max) 40 Mean 8 Sig  Ds(max)0 Dd(max) 0 Mean 8 Sig  Ds(max) ‐20 Dd(max) ‐20 Mean 8 Sig  Ds(max)‐40 Dd(max)‐40

SEAM 2

3001 2,15 1,23 0,615 0,01525 2,21 1,23 0,615 0,01365 2,23 1,23 0,615 0,01439 2,26 1,23 0,615 0,01143

3002 2,06 1,17 0,585 0,00694 2,1 1,17 0,585 0,00619 2,12 1,17 0,585 0,00659 2,14 1,17 0,585 0,00506

3003 2,05 1,18 0,59 0,00495 2,08 1,18 0,59 0,00432 2,1 1,18 0,59 0,00463 2,12 1,18 0,59 0,00342

3004 2,05 1,18 0,59 0,00329 2,08 1,18 0,59 0,00289 2,1 1,18 0,59 0,00309 2,11 1,18 0,59 0,00228

3005 2,04 1,16 0,58 0,00279 2,05 1,16 0,58 0,00259 2,06 1,16 0,58 0,0027 2,06 1,16 0,58 0,00233

3006 2,04 1,15 0,575 0,00298 2,04 1,15 0,575 0,00277 2,04 1,15 0,575 0,00286 2,04 1,15 0,575 0,00242

3007 2,04 1,15 0,575 0,00141 2,02 1,15 0,575 0,00128 2 1,15 0,575 0,00136 1,99 1,15 0,575 0,00108

3008 2,14 1,18 0,59 0,00423 2,11 1,18 0,59 0,004 2,09 1,18 0,59 0,00409 2,07 1,18 0,59 0,00338

3009 2,32 1,19 0,595 0,00508 2,29 1,19 0,595 0,00496 2,27 1,19 0,595 0,00507 2,26 1,19 0,595 0,00429

3010 2,11 1,17 0,585 0,00302 2,09 1,17 0,585 0,00285 2,08 1,17 0,585 0,00299 2,07 1,17 0,585 0,00259

3011 2,13 1,16 0,58 0,00737 2,11 1,16 0,58 0,00722 2,1 1,16 0,58 0,0074 2,09 1,16 0,58 0,00626

3012 2,11 1,16 0,58 0,00752 2,11 1,16 0,58 0,00719 2,1 1,16 0,58 0,00717 2,1 1,16 0,58 0,00628

3013 2,14 1,16 0,58 0,0058 2,12 1,16 0,58 0,00565 2,12 1,16 0,58 0,00568 2,11 1,16 0,58 0,0049

3014 2,14 1,16 0,58 0,00383 2,12 1,17 0,585 0,00372 2,11 1,17 0,585 0,00376 2,11 1,17 0,585 0,00324

3015 2,16 1,18 0,59 0,00201 2,15 1,18 0,59 0,00187 2,14 1,18 0,59 0,00193 2,14 1,18 0,59 0,00158

3016 1,97 2,12 1,06 0,00175 1,96 2,11 1,055 0,0017 1,95 2,11 1,055 0,00171 1,95 2,11 1,055 0,00146

3017 2,03 2,12 1,06 0,00159 2,03 2,12 1,06 0,00154 2,03 2,12 1,06 0,00154 2,02 2,12 1,06 0,00136

3018 2,06 2,12 1,06 0,00423 2,05 2,12 1,06 0,0041 2,05 2,12 1,06 0,00419 2,05 2,11 1,055 0,0036

3019 2,14 1,2 0,6 0,00507 2,14 1,2 0,6 0,00485 2,14 1,2 0,6 0,00492 2,13 1,2 0,6 0,00428

3020 2,15 1,17 0,585 0,0022 2,16 1,17 0,585 0,0021 2,16 1,17 0,585 0,00216 2,16 1,17 0,585 0,00186

3021 2,14 1,2 0,6 0,00213 2,14 1,2 0,6 0,00206 2,14 1,2 0,6 0,00211 2,14 1,2 0,6 0,00175

3022 2,14 1,2 0,6 0,00203 2,14 1,2 0,6 0,00191 2,14 1,2 0,6 0,00199 2,14 1,2 0,6 0,00165

3023 2,1 1,17 0,585 0,00136 2,11 1,17 0,585 0,00126 2,11 1,17 0,585 0,0013 2,11 1,17 0,585 0,00106

3024 2,1 1,15 0,575 0,00289 2,11 1,15 0,575 0,00277 2,11 1,15 0,575 0,00284 2,11 1,15 0,575 0,00233

3025 2,15 1,2 0,6 0,00687 2,13 1,2 0,6 0,00657 2,12 1,2 0,6 0,00666 2,1 1,2 0,6 0,00564

3026 2,05 1,16 0,58 0,00607 2,01 1,16 0,58 0,00583 2 1,16 0,58 0,00599 1,98 1,16 0,58 0,00511

3027 2,05 1,18 0,59 0,00156 2,02 1,18 0,59 0,00148 2,01 1,18 0,59 0,00149 1,99 1,18 0,59 0,00128

3028 2,06 1,17 0,585 0,00249 2,03 1,17 0,585 0,00229 2,02 1,16 0,58 0,0024 2 1,16 0,58 0,002

3029 2,07 1,15 0,575 0,00247 2,04 1,15 0,575 0,00225 2,02 1,15 0,575 0,00234 2,01 1,15 0,575 0,00188

3030 2,07 1,16 0,58 0,00283 2,06 1,16 0,58 0,00267 2,05 1,16 0,58 0,00274 2,05 1,16 0,58 0,00236

3031 2,09 1,18 0,59 0,00437 2,07 1,18 0,59 0,00403 2,06 1,18 0,59 0,0042 2,05 1,18 0,59 0,00357

3032 2,09 1,17 0,585 0,00681 2,08 1,17 0,585 0,0062 2,08 1,17 0,585 0,00644 2,08 1,17 0,585 0,0055

SEAM 3

5001 2,42 1,39 0,695 0,01324 2,4 1,39 0,695 0,01231 2,39 1,39 0,695 0,01269 2,38 1,39 0,695 0,01093

5002 2,42 1,38 0,69 0,00692 2,42 1,38 0,69 0,00632 2,42 1,38 0,69 0,00661 2,43 1,38 0,69 0,00562

5003 2,42 1,41 0,705 0,0028 2,42 1,41 0,705 0,00254 2,42 1,41 0,705 0,00267 2,43 1,41 0,705 0,00223

5004 2,43 1,38 0,69 0,00116 2,43 1,38 0,69 0,00111 2,43 1,38 0,69 0,00115 2,42 1,38 0,69 0,00097

5005 2,46 1,34 0,67 0,00109 2,44 1,34 0,67 0,00101 2,43 1,34 0,67 0,00106 2,42 1,34 0,67 0,00085

5006 2,47 1,14 0,57 0,00092 2,42 1,14 0,57 0,00084 2,4 1,14 0,57 0,00089 2,37 1,14 0,57 0,00068

5007 2,52 1,17 0,585 0,00449 2,51 1,17 0,585 0,00418 2,5 1,17 0,585 0,00431 2,49 1,17 0,585 0,00353

5008 2,5 1,2 0,6 0,00869 2,53 1,2 0,6 0,00808 2,54 1,2 0,6 0,0083 2,56 1,2 0,6 0,00681

5009 2,52 1,21 0,605 0,01072 2,54 1,21 0,605 0,00994 2,55 1,21 0,605 0,01032 2,56 1,21 0,605 0,00831

5010 2,52 1,21 0,605 0,0128 2,54 1,21 0,605 0,01186 2,54 1,21 0,605 0,0123 2,55 1,21 0,605 0,00993

5011 2,53 1,25 0,625 0,01501 2,53 1,25 0,625 0,01391 2,53 1,26 0,63 0,01435 2,53 1,26 0,63 0,01161

5012 2,54 1,32 0,66 0,01672 2,52 1,33 0,665 0,01541 2,51 1,33 0,665 0,01606 2,5 1,33 0,665 0,01288

5013 2,54 1,23 0,615 0,01682 2,52 1,24 0,62 0,01551 2,51 1,24 0,62 0,01601 2,5 1,24 0,62 0,01286

5014 2,53 1,19 0,595 0,0153 2,52 1,19 0,595 0,01409 2,52 1,19 0,595 0,01464 2,51 1,19 0,595 0,01166

5015 2,53 1,21 0,605 0,013 2,52 1,21 0,605 0,012 2,51 1,21 0,605 0,01247 2,5 1,21 0,605 0,00994

5016 2,52 1,19 0,595 0,01077 2,51 1,19 0,595 0,00999 2,51 1,19 0,595 0,01042 2,51 1,19 0,595 0,00837

5017 2,51 1,18 0,59 0,00857 2,52 1,18 0,59 0,00798 2,52 1,18 0,59 0,00823 2,52 1,18 0,59 0,00677

5018 2,53 1,15 0,575 0,00437 2,56 1,15 0,575 0,00403 2,57 1,15 0,575 0,00417 2,58 1,15 0,575 0,0035

5019 2,38 1,44 0,72 0,00071 2,28 1,44 0,72 0,00067 2,23 1,44 0,72 0,0007 2,18 1,44 0,72 0,00058

5020 2,48 1,45 0,725 0,00104 2,36 1,45 0,725 0,001 2,3 1,45 0,725 0,001 2,23 1,45 0,725 0,00088

5021 2,47 1,48 0,74 0,00121 2,35 1,48 0,74 0,00115 2,29 1,48 0,74 0,00119 2,23 1,48 0,74 0,00106

5022 2,48 1,44 0,72 0,00298 2,35 1,44 0,72 0,00273 2,29 1,44 0,72 0,00285 2,22 1,44 0,72 0,00222

5023 2,47 1,49 0,745 0,0077 2,35 1,49 0,745 0,00689 2,28 1,49 0,745 0,00726 2,22 1,49 0,745 0,00554

Figure 47: Result sheet with nominal gap, static displacement and dynamic displacement at 
40°C,0°C, -20°C and -40°C for E-line 2 and 3. 

 



80 

   

Measure  80 60 40 20 0 (‐20) (‐40) 80 60 40 0 ‐20 ‐40

SEAM 2

3001 ‐0,36223 ‐0,32039 ‐0,31025 ‐0,28116 ‐0,24865 ‐0,22939 ‐0,1964 ‐0,08 ‐0,04 ‐0,03 0,03 0,05 0,08

3002 ‐0,30294 ‐0,26235 ‐0,26194 ‐0,24238 ‐0,22119 ‐0,20159 ‐0,1801 ‐0,06 ‐0,02 ‐0,02 0,02 0,04 0,06

3003 ‐0,29568 ‐0,26536 ‐0,26495 ‐0,24528 ‐0,23432 ‐0,21463 ‐0,1934 ‐0,05 ‐0,02 ‐0,02 0,01 0,03 0,05

3004 ‐0,29384 ‐0,2636 ‐0,25329 ‐0,2435 ‐0,22289 ‐0,20309 ‐0,1923 ‐0,05 ‐0,02 ‐0,01 0,02 0,04 0,05

3005 ‐0,24374 ‐0,23332 ‐0,24279 ‐0,2329 ‐0,23259 ‐0,2227 ‐0,2223 ‐0,01 0 ‐0,01 0 0,01 0,01

3006 ‐0,2289 ‐0,21836 ‐0,22798 ‐0,22812 ‐0,22777 ‐0,22786 ‐0,2274 0 0,01 0 0 0 0

3007 ‐0,18662 ‐0,1965 ‐0,21641 ‐0,22651 ‐0,23628 ‐0,25636 ‐0,2661 0,04 0,03 0,01 ‐0,01 ‐0,03 ‐0,04

3008 ‐0,18577 ‐0,19538 ‐0,22423 ‐0,24439 ‐0,254 ‐0,27409 ‐0,2934 0,06 0,05 0,02 ‐0,01 ‐0,03 ‐0,05

3009 ‐0,20257 ‐0,21155 ‐0,24008 ‐0,25028 ‐0,26996 ‐0,29007 ‐0,2993 0,05 0,04 0,01 ‐0,02 ‐0,04 ‐0,05

3010 ‐0,19939 ‐0,19884 ‐0,22802 ‐0,2382 ‐0,24785 ‐0,25799 ‐0,2676 0,04 0,04 0,01 ‐0,01 ‐0,02 ‐0,03

3011 ‐0,21106 ‐0,2095 ‐0,22737 ‐0,23752 ‐0,24722 ‐0,2574 ‐0,2663 0,03 0,03 0,01 ‐0,01 ‐0,02 ‐0,03

3012 ‐0,23094 ‐0,21939 ‐0,23752 ‐0,23771 ‐0,23719 ‐0,24717 ‐0,2463 0,01 0,02 0 0 ‐0,01 ‐0,01

3013 ‐0,21854 ‐0,20728 ‐0,2258 ‐0,23609 ‐0,24565 ‐0,24568 ‐0,2549 0,02 0,03 0,01 ‐0,01 ‐0,01 ‐0,02

3014 ‐0,21566 ‐0,20487 ‐0,22383 ‐0,23899 ‐0,24872 ‐0,25876 ‐0,2582 0,02 0,03 0,01 ‐0,01 ‐0,02 ‐0,02

3015 ‐0,23264 ‐0,22235 ‐0,24201 ‐0,24208 ‐0,25187 ‐0,26193 ‐0,2616 0,01 0,02 0 ‐0,01 ‐0,02 ‐0,02

3016 ‐0,34237 ‐0,36211 ‐0,35175 ‐0,35679 ‐0,3567 ‐0,36671 ‐0,3665 0,02 0 0,01 0 ‐0,01 ‐0,01

3017 ‐0,35224 ‐0,36202 ‐0,36159 ‐0,36164 ‐0,36154 ‐0,36154 ‐0,3714 0,01 0 0 0 0 ‐0,01

3018 ‐0,36592 ‐0,37544 ‐0,36423 ‐0,36439 ‐0,3741 ‐0,37419 ‐0,3686 0 ‐0,01 0 ‐0,01 ‐0,01 ‐0,01

3019 ‐0,2469 ‐0,2662 ‐0,25507 ‐0,25525 ‐0,25485 ‐0,25492 ‐0,2643 0,01 ‐0,01 0 0 0 ‐0,01

3020 ‐0,24808 ‐0,25776 ‐0,2472 ‐0,23727 ‐0,2371 ‐0,23716 ‐0,2369 ‐0,01 ‐0,02 ‐0,01 0 0 0

3021 ‐0,25314 ‐0,26267 ‐0,25213 ‐0,25222 ‐0,25206 ‐0,25211 ‐0,2518 0 ‐0,01 0 0 0 0

3022 ‐0,25294 ‐0,26251 ‐0,25203 ‐0,25207 ‐0,25191 ‐0,25199 ‐0,2517 0 ‐0,01 0 0 0 0

3023 ‐0,24671 ‐0,25654 ‐0,23636 ‐0,23642 ‐0,22626 ‐0,2263 ‐0,2261 ‐0,01 ‐0,02 0 0,01 0,01 0,01

3024 ‐0,23907 ‐0,24859 ‐0,22789 ‐0,22804 ‐0,21777 ‐0,21784 ‐0,2173 ‐0,01 ‐0,02 0 0,01 0,01 0,01

3025 ‐0,21979 ‐0,2387 ‐0,24687 ‐0,25695 ‐0,26657 ‐0,27666 ‐0,2956 0,04 0,02 0,01 ‐0,01 ‐0,02 ‐0,04

3026 ‐0,17872 ‐0,20781 ‐0,21607 ‐0,23639 ‐0,25583 ‐0,26599 ‐0,2851 0,06 0,03 0,02 ‐0,02 ‐0,03 ‐0,05

3027 ‐0,20197 ‐0,21178 ‐0,22156 ‐0,24165 ‐0,25148 ‐0,26149 ‐0,2813 0,04 0,03 0,02 ‐0,01 ‐0,02 ‐0,04

3028 ‐0,19802 ‐0,21772 ‐0,22749 ‐0,23761 ‐0,25729 ‐0,2624 ‐0,2820 0,04 0,02 0,01 ‐0,02 ‐0,03 ‐0,05

3029 ‐0,17793 ‐0,2077 ‐0,21747 ‐0,22761 ‐0,24725 ‐0,26734 ‐0,2769 0,05 0,02 0,01 ‐0,02 ‐0,04 ‐0,05

3030 ‐0,2138 ‐0,23338 ‐0,23283 ‐0,23295 ‐0,24267 ‐0,25274 ‐0,2524 0,02 0 0 ‐0,01 ‐0,02 ‐0,02

3031 ‐0,22586 ‐0,23525 ‐0,23437 ‐0,24459 ‐0,25403 ‐0,2642 ‐0,2736 0,02 0,01 0,01 ‐0,01 ‐0,02 ‐0,03

3032 ‐0,22865 ‐0,23781 ‐0,23181 ‐0,24218 ‐0,2412 ‐0,24144 ‐0,2405 0,01 0 0,01 0 0 0

SEAM 3

5001 ‐0,08378 ‐0,10125 ‐0,09824 ‐0,10879 ‐0,11731 ‐0,12769 ‐0,1359 0,03 0,01 0,01 ‐0,01 ‐0,02 ‐0,03

5002 ‐0,1088 ‐0,11794 ‐0,09692 ‐0,09728 ‐0,09632 ‐0,09661 ‐0,0856 ‐0,01 ‐0,02 0 0 0 0,01

5003 ‐0,11856 ‐0,12817 ‐0,1078 ‐0,10796 ‐0,10754 ‐0,10767 ‐0,0972 ‐0,01 ‐0,02 0 0 0 0,01

5004 ‐0,08158 ‐0,10141 ‐0,09116 ‐0,0912 ‐0,09111 ‐0,09115 ‐0,1010 0,01 ‐0,01 0 0 0 ‐0,01

5005 ‐0,04145 ‐0,06134 ‐0,06109 ‐0,07113 ‐0,08101 ‐0,09106 ‐0,1009 0,03 0,01 0,01 ‐0,01 ‐0,02 ‐0,03

5006 0,09879 0,07886 0,04908 0,02903 ‐0,00084 ‐0,02089 ‐0,0507 0,07 0,05 0,02 ‐0,03 ‐0,05 ‐0,08

5007 0,0286 0,01929 0,01051 0,01034 0,00082 ‐0,00931 ‐0,0185 0,02 0,01 0 ‐0,01 ‐0,02 ‐0,03

5008 ‐0,05247 ‐0,05125 ‐0,02869 ‐0,00912 0,00192 0,0117 0,0332 ‐0,04 ‐0,04 ‐0,02 0,01 0,02 0,04

5009 ‐0,05043 ‐0,04896 ‐0,02572 ‐0,01631 ‐0,00494 0,00468 0,0167 ‐0,03 ‐0,03 ‐0,01 0,01 0,02 0,03

5010 ‐0,04353 ‐0,04171 ‐0,0278 ‐0,01846 ‐0,00686 ‐0,0073 0,0051 ‐0,02 ‐0,02 ‐0,01 0,01 0,01 0,02

5011 ‐0,03669 ‐0,05452 ‐0,04001 ‐0,04077 ‐0,03891 ‐0,04435 ‐0,0416 0,01 ‐0,01 0 0 0 0

5012 ‐0,05406 ‐0,07164 ‐0,06672 ‐0,07755 ‐0,09041 ‐0,10106 ‐0,1079 0,03 0,01 0,01 ‐0,01 ‐0,02 ‐0,03

5013 ‐0,00924 ‐0,02649 ‐0,02182 ‐0,03267 ‐0,04551 ‐0,05601 ‐0,0629 0,03 0,01 0,01 ‐0,01 ‐0,02 ‐0,03

5014 0,00306 ‐0,01439 ‐0,0103 ‐0,01094 ‐0,01909 ‐0,01964 ‐0,0267 0,02 0 0 ‐0,01 ‐0,01 ‐0,02

5015 ‐0,00374 ‐0,01154 ‐0,008 ‐0,01856 ‐0,017 ‐0,02747 ‐0,0349 0,02 0,01 0,01 0 ‐0,01 ‐0,02

5016 ‐0,01067 ‐0,00887 ‐0,00577 ‐0,00631 ‐0,01499 ‐0,01542 ‐0,0134 0 0 0 ‐0,01 ‐0,01 ‐0,01

5017 ‐0,00244 ‐0,00121 0,00143 0,00099 0,01202 0,01177 0,0132 0 0 0 0,01 0,01 0,01

5018 ‐0,0114 ‐0,0007 0,01063 0,02042 0,04097 0,05083 0,0615 ‐0,03 ‐0,02 ‐0,01 0,02 0,03 0,04

5019 0,02898 ‐0,02089 ‐0,07071 ‐0,12074 ‐0,17067 ‐0,2207 ‐0,2706 0,15 0,1 0,05 ‐0,05 ‐0,1 ‐0,15

5020 0,06356 0,00374 ‐0,06604 ‐0,12607 ‐0,186 ‐0,246 ‐0,3159 0,19 0,13 0,06 ‐0,06 ‐0,12 ‐0,19

5021 0,02832 ‐0,02149 ‐0,08121 ‐0,14125 ‐0,20115 ‐0,26119 ‐0,3211 0,17 0,12 0,06 ‐0,06 ‐0,12 ‐0,18

5022 0,06665 0,00689 ‐0,06298 ‐0,12315 ‐0,19273 ‐0,25285 ‐0,3222 0,19 0,13 0,06 ‐0,07 ‐0,13 ‐0,2

5023 0,03561 ‐0,02345 ‐0,0927 ‐0,15317 ‐0,21189 ‐0,28226 ‐0,3405 0,19 0,13 0,06 ‐0,06 ‐0,13 ‐0,19

RATTLE AT  MEAN SHIFT

Figure 48: Result sheet with rattle condition according to formula 1 and mean shift from static 
displacement simulations for E-line 2 and 3. 
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Measure  80 60 40 20 0 ‐20 ‐40

SEAM 2

3001 0,695 0,655 0,645 0,615 0,585 0,565 0,535

3002 0,645 0,605 0,605 0,585 0,565 0,545 0,525

3003 0,64 0,61 0,61 0,59 0,58 0,56 0,54

3004 0,64 0,61 0,6 0,59 0,57 0,55 0,54

3005 0,59 0,58 0,59 0,58 0,58 0,57 0,57

3006 0,575 0,565 0,575 0,575 0,575 0,575 0,575

3007 0,535 0,545 0,565 0,575 0,585 0,605 0,615

3008 0,53 0,54 0,57 0,59 0,6 0,62 0,64

3009 0,545 0,555 0,585 0,595 0,615 0,635 0,645

3010 0,545 0,545 0,575 0,585 0,595 0,605 0,615

3011 0,55 0,55 0,57 0,58 0,59 0,6 0,61

3012 0,57 0,56 0,58 0,58 0,58 0,59 0,59

3013 0,56 0,55 0,57 0,58 0,59 0,59 0,6

3014 0,56 0,55 0,57 0,585 0,595 0,605 0,605

3015 0,58 0,57 0,59 0,59 0,6 0,61 0,61

3016 1,04 1,06 1,05 1,055 1,055 1,065 1,065

3017 1,05 1,06 1,06 1,06 1,06 1,06 1,07

3018 1,06 1,07 1,06 1,06 1,07 1,07 1,065

3019 0,59 0,61 0,6 0,6 0,6 0,6 0,61

3020 0,595 0,605 0,595 0,585 0,585 0,585 0,585

3021 0,6 0,61 0,6 0,6 0,6 0,6 0,6

3022 0,6 0,61 0,6 0,6 0,6 0,6 0,6

3023 0,595 0,605 0,585 0,585 0,575 0,575 0,575

3024 0,585 0,595 0,575 0,575 0,565 0,565 0,565

3025 0,56 0,58 0,59 0,6 0,61 0,62 0,64

3026 0,52 0,55 0,56 0,58 0,6 0,61 0,63

3027 0,55 0,56 0,57 0,59 0,6 0,61 0,63

3028 0,545 0,565 0,575 0,585 0,605 0,61 0,63

3029 0,525 0,555 0,565 0,575 0,595 0,615 0,625

3030 0,56 0,58 0,58 0,58 0,59 0,6 0,6

3031 0,57 0,58 0,58 0,59 0,6 0,61 0,62

3032 0,57 0,58 0,575 0,585 0,585 0,585 0,585

SEAM 3

5001 0,665 0,685 0,685 0,695 0,705 0,715 0,725

5002 0,7 0,71 0,69 0,69 0,69 0,69 0,68

5003 0,715 0,725 0,705 0,705 0,705 0,705 0,695

5004 0,68 0,7 0,69 0,69 0,69 0,69 0,7

5005 0,64 0,66 0,66 0,67 0,68 0,69 0,7

5006 0,5 0,52 0,55 0,57 0,6 0,62 0,65

5007 0,565 0,575 0,585 0,585 0,595 0,605 0,615

5008 0,64 0,64 0,62 0,6 0,59 0,58 0,56

5009 0,635 0,635 0,615 0,605 0,595 0,585 0,575

5010 0,625 0,625 0,615 0,605 0,595 0,595 0,585

5011 0,615 0,635 0,625 0,625 0,625 0,63 0,63

5012 0,63 0,65 0,65 0,66 0,675 0,685 0,695

5013 0,585 0,605 0,605 0,615 0,63 0,64 0,65

5014 0,575 0,595 0,595 0,595 0,605 0,605 0,615

5015 0,585 0,595 0,595 0,605 0,605 0,615 0,625

5016 0,595 0,595 0,595 0,595 0,605 0,605 0,605

5017 0,59 0,59 0,59 0,59 0,58 0,58 0,58

5018 0,605 0,595 0,585 0,575 0,555 0,545 0,535

5019 0,57 0,62 0,67 0,72 0,77 0,82 0,87

5020 0,535 0,595 0,665 0,725 0,785 0,845 0,915

5021 0,57 0,62 0,68 0,74 0,8 0,86 0,92

5022 0,53 0,59 0,66 0,72 0,79 0,85 0,92

5023 0,555 0,615 0,685 0,745 0,805 0,875 0,935

STATIC DISPLACEMENT

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 49: Results from static displacement simulations for E-line 2 and 3. 
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20 DEGREES 80 DEGREES 60 DEGREES 40 DEGREES 0 DEGREES ~20 DEGREES ~40 DEGREES

Measure  mP2P SQ max 20 mP2P SQ max 80mP2P SQ max 60mP2P SQ max 40mP2P SQ max 0 mP2P SQ max ‐20 mP2P SQ max ‐40

SEAM 1

1001 0,00304 0,10 0,00504 0,10 0,00399 0,10 0,00293 0,10 0,00278 0,10 0,00286 0,10 0,0025 0,10

1002 0,00818 0,10 0,01338 0,10 0,01074 0,10 0,00804 0,10 0,00755 0,10 0,0078 0,10 0,00683 0,10

1003 0,02029 0,10 0,03381 0,10 0,02701 0,10 0,01985 0,10 0,01862 0,10 0,01929 0,10 0,01673 0,10

1004 0,03118 0,10 0,05213 0,10 0,04181 0,10 0,03033 0,10 0,02855 0,10 0,02955 0,10 0,02559 0,10

1005 0,02458 0,10 0,04107 0,10 0,0324 0,10 0,0238 0,10 0,02234 0,10 0,02325 0,10 0,02009 0,10

1006 0,01522 0,10 0,02103 0,10 0,01874 0,10 0,01466 0,10 0,0135 0,10 0,01412 0,10 0,01096 0,10

1007 0,02197 0,10 0,03015 0,10 0,02719 0,10 0,02101 0,10 0,01916 0,10 0,0201 0,10 0,01574 0,10

1008 0,02211 0,10 0,03072 0,10 0,02771 0,10 0,02124 0,10 0,01957 0,10 0,0204 0,10 0,01674 0,10

1009 0,0224 0,10 0,03111 0,10 0,02795 0,10 0,02158 0,10 0,02 0,10 0,02078 0,10 0,01719 0,10

1010 0,01989 0,10 0,02732 0,10 0,02427 0,10 0,0192 0,10 0,01799 0,10 0,01859 0,10 0,01583 0,10

1011 0,0267 0,10 0,03597 0,10 0,03255 0,10 0,0264 0,10 0,0262 0,10 0,02623 0,10 0,02624 0,10

1012 0,0405 0,10 0,05499 0,10 0,05284 0,10 0,04017 0,10 0,03979 0,10 0,03994 0,10 0,04025 0,10

1013 0,04632 0,10 0,06256 0,10 0,0631 0,10 0,04555 0,10 0,04473 0,10 0,04499 0,10 0,04485 0,10

1014 0,03782 0,10 0,05097 0,10 0,05314 0,10 0,03688 0,10 0,03563 0,10 0,03613 0,10 0,03512 0,10

1015 0,01895 0,10 0,02481 0,10 0,02706 0,10 0,01803 0,10 0,01642 0,10 0,01718 0,10 0,01376 0,10

1016 0,02715 0,10 0,03728 0,10 0,03346 0,10 0,027 0,10 0,0272 0,10 0,02705 0,10 0,0277 0,10

1017 0,0592 0,10 0,08015 0,10 0,07394 0,10 0,05869 0,10 0,05821 0,10 0,05832 0,10 0,05851 0,10

1018 0,09459 0,10 0,12817 0,10 0,11713 0,10 0,09367 0,10 0,09297 0,10 0,09303 0,10 0,09338 0,10

1019 0,1316 0,10 0,17829 0,10 0,16145 0,10 0,13018 0,10 0,1293 0,10 0,12934 0,10 0,13012 0,10

1020 0,16401 0,10 0,22218 0,10 0,19794 0,10 0,16251 0,10 0,16098 0,10 0,16144 0,10 0,16207 0,10

1021 0,18229 0,10 0,24584 0,10 0,21443 0,10 0,18057 0,10 0,1776 0,10 0,1789 0,10 0,17744 0,10

1022 0,1925 0,10 0,25816 0,10 0,22108 0,10 0,18946 0,10 0,18481 0,10 0,18719 0,10 0,18003 0,10

1023 0,21422 0,10 0,28799 0,10 0,24759 0,10 0,20985 0,10 0,2029 0,10 0,20565 0,10 0,19387 0,10

1024 0,2358 0,10 0,31839 0,10 0,27994 0,10 0,23052 0,10 0,22132 0,10 0,2255 0,10 0,20788 0,10

1025 0,22057 0,10 0,29972 0,10 0,26722 0,10 0,21533 0,10 0,20617 0,10 0,21008 0,10 0,19203 0,10

1026 0,16889 0,10 0,23041 0,10 0,20585 0,10 0,16494 0,10 0,1578 0,10 0,16095 0,10 0,14642 0,10

1027 0,11169 0,10 0,15245 0,10 0,13509 0,10 0,10904 0,10 0,10424 0,10 0,10642 0,10 0,09677 0,10

1028 0,06171 0,10 0,08428 0,10 0,07408 0,10 0,06044 0,10 0,05776 0,10 0,05901 0,10 0,05394 0,10

1029 0,02427 0,10 0,03336 0,10 0,03001 0,10 0,02376 0,10 0,02279 0,10 0,02321 0,10 0,02126 0,10

1030 0,01189 0,10 0,01669 0,10 0,01553 0,10 0,01163 0,10 0,01127 0,10 0,01142 0,10 0,01058 0,10

1031 0,03267 0,10 0,0459 0,10 0,04528 0,10 0,03202 0,10 0,0311 0,10 0,0315 0,10 0,0296 0,10

1032 0,04062 0,10 0,05751 0,10 0,05912 0,10 0,03959 0,10 0,03805 0,10 0,03876 0,10 0,03587 0,10

1033 0,03518 0,10 0,04994 0,10 0,05316 0,10 0,03402 0,10 0,03217 0,10 0,03306 0,10 0,02945 0,10

1034 0,02371 0,10 0,03212 0,10 0,03461 0,10 0,02259 0,10 0,02047 0,10 0,02149 0,10 0,0172 0,10

1035 0,01921 0,10 0,02461 0,10 0,02321 0,10 0,01827 0,10 0,01625 0,10 0,01724 0,10 0,01244 0,10

1036 0,02218 0,10 0,02934 0,10 0,02708 0,10 0,02111 0,10 0,01899 0,10 0,02005 0,10 0,01506 0,10

1037 0,02123 0,10 0,02928 0,10 0,02622 0,10 0,02029 0,10 0,01836 0,10 0,01932 0,10 0,01469 0,10

1038 0,01962 0,10 0,02779 0,10 0,02445 0,10 0,01882 0,10 0,01728 0,10 0,01801 0,10 0,01466 0,10

1039 0,01319 0,10 0,01856 0,10 0,01636 0,10 0,01272 0,10 0,01182 0,10 0,01226 0,10 0,01026 0,10

1040 0,02483 0,10 0,04128 0,10 0,0329 0,10 0,02402 0,10 0,02263 0,10 0,02329 0,10 0,02032 0,10

1041 0,03172 0,10 0,05245 0,10 0,0429 0,10 0,03076 0,10 0,02897 0,10 0,02998 0,10 0,02547 0,10

1042 0,02073 0,10 0,0341 0,10 0,02812 0,10 0,02014 0,10 0,01888 0,10 0,01952 0,10 0,01647 0,10

Figure 50: Results showing max principle peak to peak and squeak limits for E-line 1  
used in formula 3. 
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20 DEGREES 80 DEGREES 60 DEGREES 40 DEGREES 0 DEGREES ~20 DEGREES ~40 DEGREES

Measure  mP2P SQ max 20 mP2P SQ max 80mP2P SQ max 60mP2P SQ max 40mP2P SQ max 0 mP2P SQ max ‐20 mP2P SQ max ‐40

SEAM 2

3001 0,00937 0,10 0,01369 0,10 0,01238 0,10 0,00909 0,10 0,00882 0,10 0,00893 0,10 0,00839 0,10

3002 0,00538 0,10 0,0076 0,10 0,00659 0,10 0,00523 0,10 0,00501 0,10 0,0051 0,10 0,00478 0,10

3003 0,00622 0,10 0,00879 0,10 0,00854 0,10 0,00597 0,10 0,00548 0,10 0,00571 0,10 0,00469 0,10

3004 0,0057 0,10 0,00769 0,10 0,00767 0,10 0,00547 0,10 0,00504 0,10 0,00524 0,10 0,00436 0,10

3005 0,0037 0,10 0,00517 0,10 0,00461 0,10 0,00358 0,10 0,0034 0,10 0,00349 0,10 0,00302 0,10

3006 0,00422 0,10 0,0058 0,10 0,00534 0,10 0,00408 0,10 0,00386 0,10 0,00398 0,10 0,00342 0,10

3007 0,00382 0,10 0,00511 0,10 0,00496 0,10 0,00368 0,10 0,00343 0,10 0,00354 0,10 0,0031 0,10

3008 0,00626 0,10 0,0084 0,10 0,00962 0,10 0,00596 0,10 0,00545 0,10 0,00567 0,10 0,00478 0,10

3009 0,00436 0,10 0,00598 0,10 0,00549 0,10 0,00432 0,10 0,00421 0,10 0,00426 0,10 0,00411 0,10

3010 0,00347 0,10 0,00491 0,10 0,00488 0,10 0,00344 0,10 0,0034 0,10 0,00341 0,10 0,00341 0,10

3011 0,00407 0,10 0,0056 0,10 0,0053 0,10 0,00402 0,10 0,00404 0,10 0,00401 0,10 0,0042 0,10

3012 0,00237 0,10 0,0036 0,10 0,00317 0,10 0,00236 0,10 0,00235 0,10 0,00235 0,10 0,00226 0,10

3013 0,00238 0,10 0,00324 0,10 0,003 0,10 0,00232 0,10 0,0022 0,10 0,00225 0,10 0,00198 0,10

3014 0,00589 0,10 0,00829 0,10 0,00767 0,10 0,00572 0,10 0,00547 0,10 0,00558 0,10 0,00515 0,10

3015 0,00786 0,10 0,0115 0,10 0,01097 0,10 0,0076 0,10 0,00716 0,10 0,00737 0,10 0,00642 0,10

3016 0,00143 0,10 0,00179 0,10 0,00177 0,10 0,0014 0,10 0,00137 0,10 0,00137 0,10 0,00141 0,10

3017 0,00159 0,10 0,00199 0,10 0,00183 0,10 0,00155 0,10 0,00151 0,10 0,00151 0,10 0,00148 0,10

3018 0,00245 0,10 0,00396 0,10 0,00349 0,10 0,00237 0,10 0,00223 0,10 0,00229 0,10 0,00206 0,10

3019 0,00919 0,10 0,01288 0,10 0,01135 0,10 0,00903 0,10 0,00876 0,10 0,00889 0,10 0,00849 0,10

3020 0,00857 0,10 0,01213 0,10 0,01088 0,10 0,00836 0,10 0,00802 0,10 0,00818 0,10 0,00753 0,10

3021 0,00871 0,10 0,01224 0,10 0,01124 0,10 0,00849 0,10 0,00802 0,10 0,00823 0,10 0,00728 0,10

3022 0,00762 0,10 0,01065 0,10 0,0099 0,10 0,0074 0,10 0,00697 0,10 0,00718 0,10 0,00628 0,10

3023 0,00533 0,10 0,00751 0,10 0,007 0,10 0,00519 0,10 0,0049 0,10 0,00502 0,10 0,00439 0,10

3024 0,00304 0,10 0,00432 0,10 0,00401 0,10 0,00298 0,10 0,00288 0,10 0,00294 0,10 0,00266 0,10

3025 0,00304 0,10 0,00394 0,10 0,00369 0,10 0,00297 0,10 0,00289 0,10 0,00292 0,10 0,00282 0,10

3026 0,00417 0,10 0,00577 0,10 0,0051 0,10 0,00408 0,10 0,00399 0,10 0,00403 0,10 0,00382 0,10

3027 0,00344 0,10 0,00436 0,10 0,00412 0,10 0,00329 0,10 0,00308 0,10 0,00318 0,10 0,0027 0,10

3028 0,00398 0,10 0,00523 0,10 0,00473 0,10 0,00385 0,10 0,00361 0,10 0,00374 0,10 0,00322 0,10

3029 0,00348 0,10 0,00464 0,10 0,00415 0,10 0,00335 0,10 0,00315 0,10 0,00326 0,10 0,00275 0,10

3030 0,00564 0,10 0,00706 0,10 0,00667 0,10 0,00543 0,10 0,00503 0,10 0,00521 0,10 0,00433 0,10

3031 0,00679 0,10 0,00886 0,10 0,00858 0,10 0,00651 0,10 0,00596 0,10 0,00622 0,10 0,00499 0,10

3032 0,00637 0,10 0,00847 0,10 0,0094 0,10 0,00605 0,10 0,00546 0,10 0,00573 0,10 0,00452 0,10

SEAM 3

5001 0,01692 0,10 0,02309 0,10 0,02471 0,10 0,0164 0,10 0,01567 0,10 0,016 0,10 0,01484 0,10

5002 0,00609 0,10 0,00928 0,10 0,00899 0,10 0,00588 0,10 0,00556 0,10 0,00575 0,10 0,00501 0,10

5003 0,0028 0,10 0,00452 0,10 0,00386 0,10 0,00272 0,10 0,00256 0,10 0,00264 0,10 0,00226 0,10

5004 0,00197 0,10 0,00255 0,10 0,00242 0,10 0,00188 0,10 0,0017 0,10 0,0018 0,10 0,00136 0,10

5005 0,0016 0,10 0,00204 0,10 0,00208 0,10 0,00153 0,10 0,00138 0,10 0,00146 0,10 0,00114 0,10

5006 0,00134 0,10 0,00183 0,10 0,00186 0,10 0,00129 0,10 0,00119 0,10 0,00124 0,10 0,00106 0,10

5007 0,00372 0,10 0,00531 0,10 0,00556 0,10 0,00357 0,10 0,00325 0,10 0,00341 0,10 0,00275 0,10

5008 0,01352 0,10 0,0215 0,10 0,01871 0,10 0,01302 0,10 0,0121 0,10 0,01255 0,10 0,01075 0,10

5009 0,02531 0,10 0,04092 0,10 0,03481 0,10 0,02442 0,10 0,02273 0,10 0,02353 0,10 0,02027 0,10

5010 0,03646 0,10 0,05917 0,10 0,04984 0,10 0,03524 0,10 0,03285 0,10 0,03384 0,10 0,02945 0,10

5011 0,04546 0,10 0,07394 0,10 0,06211 0,10 0,04388 0,10 0,04092 0,10 0,04232 0,10 0,0368 0,10

5012 0,05003 0,10 0,08143 0,10 0,06852 0,10 0,04825 0,10 0,04483 0,10 0,04659 0,10 0,04041 0,10

5013 0,0501 0,10 0,08162 0,10 0,06887 0,10 0,04837 0,10 0,04492 0,10 0,04672 0,10 0,04047 0,10

5014 0,04587 0,10 0,07433 0,10 0,06293 0,10 0,04418 0,10 0,04109 0,10 0,04277 0,10 0,03676 0,10

5015 0,03688 0,10 0,05978 0,10 0,0505 0,10 0,0355 0,10 0,03311 0,10 0,03426 0,10 0,02956 0,10

5016 0,02563 0,10 0,04151 0,10 0,03506 0,10 0,02465 0,10 0,0231 0,10 0,02392 0,10 0,02065 0,10

5017 0,01356 0,10 0,02183 0,10 0,01829 0,10 0,01315 0,10 0,01246 0,10 0,01281 0,10 0,01118 0,10

5018 0,00386 0,10 0,00527 0,10 0,00465 0,10 0,00378 0,10 0,00363 0,10 0,0037 0,10 0,00335 0,10

5019 0,00157 0,10 0,0024 0,10 0,00218 0,10 0,00151 0,10 0,00144 0,10 0,00148 0,10 0,00136 0,10

5020 0,00133 0,10 0,00192 0,10 0,00164 0,10 0,00131 0,10 0,00124 0,10 0,00127 0,10 0,00114 0,10

5021 0,0018 0,10 0,00251 0,10 0,00221 0,10 0,00172 0,10 0,00159 0,10 0,00165 0,10 0,00134 0,10

5022 0,00272 0,10 0,00432 0,10 0,00346 0,10 0,00263 0,10 0,00246 0,10 0,00254 0,10 0,00221 0,10

5023 0,00523 0,10 0,00788 0,10 0,0066 0,10 0,00507 0,10 0,0048 0,10 0,00494 0,10 0,00425 0,10

Figure 51: Results showing max principle peak to peak and squeak limits for E-line 2 and 3  
used in formula 3.	 	
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Appendix	C	–	Expanded	model	verification	
In this appendix the dynamic displacement simulation results for expanded and non-expanded models 
are shown. 

 

Figure 52: Dynamic displacement for E-line 1 in case 1. 

 

Figure 52: Dynamic displacement for E-line 2 in case 1. 
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