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Abstract:
With the development of the vehicle industry and the innovation of
technology, driving experience is improving in all aspects. Volvo is more
and more focusing on improving the comfort of driving. Part of this is to
minimize squeaks and rattle (S&R) from vehicle seats. A physical
measurement method was studied from component level in this thesis. The
communication with the supplier has helped to better understand the
definition and measurement method of play. Based on the previous work
from Volvo and the supplier, a new improved algorithm has been
developed to suit current production demands in this thesis work. A
Graphical User Interface (GUI) has been finished for general engineers.
The Study and exploration of a FEM simulation method makes it possible
to measure play in an economical way in the future.
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1 Notation
A

Displacement

mm

df

The length of delta force

/

dx

Delta force

N

ΔL

Displacement difference from sensor

mm

F

Force

N

Fs

Sampling frequency

Hz

Fmax

Maximum frequency

Hz

k

Spring characteristic

mm/N

t

A standard of clearance edge

/

x

Displacement

mm
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Graphical User Interface
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2 Introduction
2.1 Background
With the modern advancements in science and technology, customers put
much focus in the comfort of modern vehicles, and this has become one of
the main factors for which the Volvo XC40 has been awarded the price ‘2018
European Car of the Year’. The European Car of the Year (ECOTY) is one
of the most influential car awards in the world, where the jury that consists
of 60 journalists from 23 European countries choose the winner. Volvo is a
company that aims to make people’s lives easier, safer and better, called the
‘Volvo Way’ internally.
With the electrical vehicle development, there is less and less noise from
motors and transmission systems, so the passengers will detect noise inside
the vehicle compartment easier. The sound inside a quiet passenger cabin
comprises many different elements, out of them, the squeaks and rattles
(S&R) are considered to be irritating noises. Squeak is a friction-induced
noise which is caused by relative motion resulting from stick-slip
phenomenon between interfacing surfaces, and a short loss of contact
between components or parts lead to the rattle[1]. In 1983, a market survey
reported, S&R as the third most important customers concern in cars after 3
months of ownership[1]. Thus, the feeling of S&R from a customer point of
view can be perceived as direct indicators of vehicle build quality and
durability. Despite the importance of avoiding S&R noises, many of these
are detected in or after the vehicle production phase, or some even after the
vehicle is launched. Besides, manufacturer warranty bills from S&R issues
are estimated to be about 10% of total things-gone-wrong costs[2].
Therefore, detecting S&R issues during the product development phase is
important and needs to be investigated.

2.2 Problem description
Squeak and Rattle (S&R) are in stationary sounds that occur when adjacent
parts come into contact, either impacting or sliding. A car with “in-cabin”
S&R problems is considered to be quality deficient. With the current
emphasis on vehicle electrification, in stationary annoying noises in the car
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compartment will draw more attention from passengers. Volvo Cars’ strategy
of shifting engineering activities to early phases of product development
means every quality aspect needs evaluation up front.
5 years ago, Volvo commissioned supplier, to develop a method for
measuring play, including experimental setup and a set of algorithms. The
supplier developed a system to calculate the play value based on the
algorithm and given an evaluation standard of play. However, with the
change in production demand and the continuous upgrading of products, this
method is not suitable any longer, due to increased demand in operability and
accuracy. For example, it is not easy to get a suitable empirical value of
factors when a new type of seat is measured. In addition, there are different
suitable factor values among different type of seats. Hence, this method is
time-consuming and labour-intensive.
It is worth noting that developing a FEM simulation method is not only an
effective way of detecting issues, but also can reduce the test budget and
number of test vehicles.

2.3 Aim and objectives
To objectively evaluate squeak and rattle problems, there is a need of better
understanding the mechanisms behind the creation of these sounds. As part
of the thesis work, there is a need to further develop the Seat Structure test
method- and requirements, as well as test equipment. This means cooperation
among VCC Engineering, as well as Seat suppliers and possible supplier of
test equipment.
In order to better understand how S&R is induced in vehicle seats, physical
measurements should be done on component level. Component level tests
will be done in laboratory test systems while seat measurements include both
road tests and laboratory rig tests (on shaker table). The recorded and
analysed data will be used as base for improving/developing test methods
with regard to vehicle seats’ S&R issues, specifically on system level. In
general, this thesis work composes of the exploration of experiment method,
development and improvement of a general algorithm, and FEM simulation.
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2.4 Limitation
The limitation to the time of the thesis work are differences in experimental
setup between Supplier’s test laboratory and VCC test laboratory, VCC has
now chosen similar test equipment to Supplier, such as type of displacement
sensor.
The contract between VCC and supplier requires that all final decisions are
agreed by both of companies. Hence, both sides will take time to study each
scheme of the other side.
Additionally, this thesis work is requested to be completed in 20 weeks.

2.5 Related work
In order to find what factors will affect the value of X6 zero play of 3rd rear
seat structure, X6 is one of the measuring points which is decided by both
VCC and seat supplier, these measuring points are the position that most
likely to have S&R issues. And zero play which is defined as the The
supplier has done several investigations, including the investigations of latch,
dampers, kinematics bolt-joints and measurement methods, aiming to modify
the seat structure to reduce the play. In this part, five parts will be
encompassed, introducing each investigation and previous experiment by
using old method in Volvo Car Corporation.
1. Investigation latch
For 3rd rear seat, latch is consisted of bolts, three different springs and
other components, from the supplier’s report, several modifications have
been done to the latch, like using different type of spring, alternating
spring force on catch, changing with new fine blanking contours for
optimized play-compensation and so on. Different latch designs
influence the zero play indeed, some of the optimized latches can reduce
the zero play. Nevertheless, it will have high costs.
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Figure 2-1 Investigations of latch designs.[3]
2. Investigation dampers
Some other factors like friction and damper might cause the deviations
for X6 zero play, testing with different packaging and different coatings.

Figure 2-2 Investigations of damper.[3]
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3. Investigation kinematics bolt-joints

Figure 2-3 Investigations of kinematics bolt-joints[3].
Both in the supplier and VCC have done experiments for testing X6 zero play
of seat structure with different size of bolt-joints. The project V526 in VCC
is about the measurement of X6 zero play which has been performed on a
production seat structure and a new improved structure. Special
modifications: On the modified structure, 2 screws on each side of the
structure, in the hip joint, has been replaced by screws with larger diameter
to fill the screw holes better and thereby decrease the play.
During the test, a force of ±90 N was applied, in x direction, at the center of
the backrest, 20 mm from the top. A displacement gauge was used for
measuring the position of the backrest, in X direction during the test, which
was showed in Figure 2-4.
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Figure 2-4 The tested seat structures.

Figure 2-5 The displacement gauge.
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3 Theoretical basis
3.1 The definition of the ‘play’
Play is a large jump in displacement with a minimum change of force.
However, it is difficult to evaluate the ‘pure play’ with the physical part,
which the vertical distance of jump on Figure 3-2. Some different effects
interfere with each other, like friction, plastic, and elastic deformation.
Backlash is referred to as play in terms of mechanical motion. Backlash
arises due to the clearance between two meshing bodies, like two meshing
gears.
The clearance is an essential part in two meshing bodies. Without clearance,
the bodies may never observe relative motion, and clogging also occurs in
gear assembly. For example, the teeth of two meshing gears would never be
packed, since the teeth need to observe relative motion in between.
Due to a clearance, a gear tooth would travel a small distance before getting
in contact with another gear tooth. That idle motion of the driver gear, which
causes no motion in the driven gear, is referred to as play. Many mechanical
devices require minimum backlash/play and are very difficult to
manufacture. One of the most common examples of play can be observed in
sewing machines [4].

3.2 Ideal force-displacement curves
The ideal spring characteristic  ܨൌ ݇ ή  ݔ, the deflection is growing
proportionally with the force and is linear (Figure 3-1), which happens on a
linear elastic body under uniaxial load. Ideally a vehicle seat backrest
deflection, when the passenger push against it, may respond like a linear
spring. However, a seat is assembled of numerous components, so that there
are many small plays among the components. Hence, there must be some
play on the joint between seat back and seat base.
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Figure 3-1 linear Force-Displacement curve.
For the ideal force-displacement graph with play, there will be a vertical
jump in displacement at the zero crossing (Figure 3-2). This is a kind of
evaluation defined as ‘pure play’ when the play looks vertical enough[5].

Figure 3-2 Force-displacement with play.
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Since the friction will affect the ‘pure play’, the effect of friction is called
friction-hysteresis. Due to the friction, the vertical jump in deflection moves
away from the zero crossing.

Figure 3-3 Force-deflection with play and friction.
Due to the plastic deformation, the hysteresis is along the complete
measurement way, as shown as Figure 3-4, and the turning corners are not
obvious any more like an ideal model. There is a jump in displacement with
a slight change of forces at the zero crossing [5].

19

Figure 3-4 Force-Displacement graph from physical parts (nearly ideal).
But in a real case, there is a jump in displacement with a slight change of
forces outside of the zero crossing. For example, Figure 3-5, there is around
7 N difference comparing with zero crossing.

Figure 3-5 Force-Displacement graph from physical parts.
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3.3 Introduction of different types of play

Figure 3-6 The introduction of different types of play.
c Zero play: The distance between the upper curve and the lower
curve in zero crossing.
d Comfort play: The distance between the upper spring
characteristic and the lower spring characteristic.
e Upper play: The distance between two spring characteristics of
the red curve.
f Lower play: The distance between two spring characteristics of
the green curve.
g Mean pure play: The mean value of the upper play and lower play.
 ݕ݈ܽ݁ݎݑ݊ܽ݁ܯൌ

௬ା௪௬
ଶ

( 3-1)

Note: Chapter 7 gives the definition of small blue circles in Figure 3-6.
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4 Experiment 1: Play measurement
4.1 Summary
This chapter introduces the measurement process and set up of SPA
(Scalable Product Architecture) front seat structure. During the
measurement, an alternating load was applied in the centreline of the
backrest, which the direction of the load was perpendicular to the backrest
(X-axis). The sampling frequency was also determined in this chapter.

4.2 Set up of experiment
4.2.1 Test object
Title: SPA front seat structure
Material description: Steel

4.2.2 Equipment used
Force sensor: GKR2-2930:1, Next calibration: April 2019
Displacement gauge: GLÄ-1422
Measurement Software and Hardware: DEWESoft
Other equipment: Universal joint, Magnet
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4.2.3 Tests performed
Boundary:
Fixing the SPA front
seat on normal fixing
plate with 4 screws.
Both sides of the latches
are locked.
Load:
Appling an alternating
load of േͻͲܰ in the
centreline of backrest.
The direction of the load
is perpendicular to the
backrest.

Measuring point:
Measuring point which
has a distance of
500mm
between
backrest pivot point
and Force application
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Displacement sensor:
Displacement sensor
to be adjusted in the
centreline of force
attachment.

Universal joint:
During measurement,
the backrest is keep
changing the angle. If
angle of force cylinder
is fixed, then the
backrest causes a
torque which will
cause some error and
damage to the force
sensor.
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Channel
sensor

1:

Force

Channel
2:
Displacement sensor

4.3 Sampling frequency
The research topic in this section is how the sampling frequency affects the
measurement results and determines an appropriate sampling frequency.
In general, sampling frequency depends on the maximum resonance
frequency. According to the Nyquist sampling theorem [6], if the highest
frequency contained in an analogy signal ݔ ሺݐሻ is ܨ௫ ൌ  ܤthen the
sampling rate should be at a rate ܨ௦ >ʹܨ௫ ൌ ʹܤ. The sampling rate which
is chosen according to the sampling theorem can avoid the problem of
aliasing. The sampling theorem can be represented as the following formula.
( 4-1)

ܨ௦  ʹܨ௫

In order to find that the maximum, both the force and displacement signal in
frequency domain have been plotted.
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Figure 4-1 Force signal in frequency domain.

Figure 4-2 Displacement signal in frequency domain.
The maximum frequency of the force and displacement signals can be found
in the range of 0.8 Hz to 1 Hz, which means the sampling frequency should
be chosen at least 2 Hz. Nevertheless, the software DEWESoft X is used to
collect the experiment data, which has a minimum setup sample rate, for this
26

experiment, the sampling frequency should at least be 100 Hz, and it meets
the standard of Nyquist sampling theorem. The higher sampling frequency is
set, the more sampling points will obtain, but it also needs more space to
store the data. So different sampling frequency have been chosen, performing
the experiment under the same circumstance, use 6th order Butterworth filter.

Figure 4-3 Force and Displacement signal in time domain with different
sampling frequency.
It can be found that, there occurs some offset both for the force and
displacement signals when the sampling frequency is set smaller than 400
Hz, on the contrary, the curves with higher frequency coincide. The reason
of the offset is that, during the experiment, an alternative loadേͻͲܰ is
added to the seat back, so two force boundaries need to be set in the software,
which means, when the force sensor detect the force is larger than 90 N or
smaller than -90 N, then the motor needs to move to an opposite direction.
As is mentioned before, with the higher sampling frequency, more sampling
points will be obtained, so the different position of the point that closest to
90 N and -90 N will cause the signal offset. Besides, the reaction time is
defined as a time difference, the first time the force is detected is greater than
the set boundary condition to the generation time of the maximum force.
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Table 4-1 The force signal data with different sampling rates
Sampling
rates [Hz]

The force
closest to 90
N (-) [N]

The force
closest to 90
N (+) [N]

Maximum
force [N]

Reaction
time [s]

100

89.8262

90.1175

96.2814

0.2300

200

89.8853

90.0246

94.4466

0.1650

300

89.9785

90.0706

94.0207

0.1467

400

89.9400

90.0067

93.5006

0.1325

500

89.9903

90.0435

92.8776

0.1120

600

89.9877

90.0317

92.9909

0.1150

700

89.9896

90.0279

92.8172

0.1086

800

89.9863

90.0208

92.6015

0.1037

1000

89.9787

90.0059

92.9148

0.1130

1200

89.9926

90.0162

93.0439

0.1167

1500

89.9943

90.0129

92.5541

0.1013

2000

89.9966

90.0106

92.7742

0.1080

3000

89.9970

90.0063

92.7065

0.1050

According to the result in the table, the sampling frequency should be set
follow with three factors, the closest point to 90 N, the reaction time and also
the size of data. Three figures have been plotted below, which shows these
three factors with different sampling frequency.
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Figure 4-4 the data point closest to 90N.

Figure 4-5 the reaction time with different sampling rates.
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Figure 4-6 Size of data.
Comprehensive consideration of three conditions, set 500 Hz as sampling
frequency meet the requirement well.

4.4 Result
Figure 4-7 shows a snapshot of DEWESoft’s interface as a result. The upper
left numbers give the loading limitation from -90 N to 90 N. The lower left
figure is the displacement-force curve. The upper right curve is the force
signal in the time domain. The lower right curve is the displacement signal
in the time domain. Further, these signal data will be output as MATLAB
Data so that they can be analysed with MATLAB.
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Figure 4-7 The measurement results in DEWESoft.
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5 Experiment 2: Life cycle testing for the
SPA front seat structure
5.1 Purpose
1. This procedure applies to the Volvo XC90 SPA seat structure for the
purpose of S&R and ‘comfort play’ assessments.
2. This procedure encompasses the following parts: aging and wear,
durability, environmental, proving input signal assessment.
3. This procedure provides the basis for setting a new standard of ‘comfort
play’ after the life cycle testing.

5.2 Background
Although a new seat structure manufactured from product line can meet the
requirement, after a long time driving, the connection of components in a
vehicle will become worn, which means S&R may arise. To the seat
structure, the gap between the bolt and bolt hole will become larger, which
means ‘comfort play’ will also arise. In this life cycle testing, the simulated
vehicle has driven 100 000 km in different environments, like the changing
of the climate.
It is too time consuming and difficult to drive 100 000 km on a real road in
different climates, so a dynamic shaking test has been performed, which is a
fast, economic and reliable method. This test method can show the change in
‘comfort play’ in the shortest possible time, and the rise of S&R. After the
life cycle testing, a new ‘comfort play’ testing will be performed on the SPA
front seat, and a new standard for the ‘comfort play’ needs to be evaluated.
Input signal: Signal collected from Hällered Proving Ground [7]
Hällered Proving Ground is one of the test grounds for testing the vehicles
that made in Volvo Car Corporation, which is located at Hedared. The
vehicle test analyser measured the signal from a full vehicle by using
accelerometers, which are placed at every measuring points. The input signal
that is used in the life cycle testing is the signal collected from this test
ground.
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It is difficult to evaluate the ‘pure play’, since on physical parts, some
different factors interfere with each other, such as friction, plastic and elastic
deformation. In this test report, the effect of the friction will be discussed.

5.3 Set up of experiment
5.3.1 Test object
Title: Volvo XC90 SPA front seat structure
Part number
Material description: Steel
Project
Status of tests (series, drawing issue, etc.)
Special modifications

5.3.2 Equipment used
The vibration test was performed at the Strength & Endurance testing
department of Volvo Car Corporation in Gothenburg, Sweden, by using
following equipment:
Vibration test rig: IP rig Vertical Pitch & Roll Shaker System.
Volvo reg. #: Rigg-1038.1
Accelerometer: Dytran Instruments. Type: 3293A. Volvo reg. #: GAC3444:1.
Dytran Instruments. Type: 3293A. Volvo reg. #: GAC3444:3.

5.3.3 Preparation/ Test arrangement
1. Normally, the seat structure tested is new and comes direct from the
production line.
2. The drive signal for the test system is collected from the vehicles
being driven on different test tracks at Hällered Proving Grounds.
3. The coordinate is shown in the following figure, where x is the
driving direction, the y axis lies in horizontal direction and the z axis
in vertical direction.
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4. The effect from the road is mainly reflected in the vertical and
horizontal direction, which is the y and z axis in this testing. The
acceleration in x direction is small, normally 20% to the acceleration
in z direction.
5. The two accelerometers on either side of the shaker table are used to
control the input signal to the shakers. The accelerometer on the left
side collect acceleration data in three directions, x, y and z. The
accelerometer on the right side only collect data in z direction.
6. When two dynamic shakers work in the same direction, which is
shown is the vibration in the z direction. Conversely, it shows the
rotation around the X axis.
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Figure 5-1 Two dynamic shakers.
Then, the following formula is used to find the acceleration of the shaker
table in y and z direction. Ch1 and ch2 are the accelerations which are
collected from two accelerometers that placed at the left and right side of the
seat structure.
   ൌ ሺ ͳ  ʹሻȀʹ

( 5-1)

  ൌ ሺ ͳ െ ʹሻȀʹ

( 5-2)

7. When the acceleration is obtained, which will give a feed back to the
system, and make a comparison to the input signal, if it is the same
or close, then the testing will continue, otherwise, the system will
automatically stop.
8. 32 hours is a temperature cycle, the initial temperature is around 25
ć, after 4 hours of heating, the temperature reaches 60ć, and this
temperature is kept for 10 hours. It takes 4 hours to cool down the
temperature to 0ć and another 3 hours for the temperature to become
-20. This temperature is held for 10 hours. Finally, the temperature
returns to the initial temperature, which is 25 ć . This cycle is
repeated again and again until the end of the life cycle testing. The

35

following figure shows how the temperature changes during the
testing.

Figure 5-2 Temperature changing curve.

5.3.4 Test performed
The Volvo XC90 SPA front seat structure is fixed on the shaker table by
using 4 screws, and two accelerometers are placed on both sides of the table,
the following figure shows one of the accelerometer, by using these two
accelerometers, the acceleration of chp1 and ch2 are obtained.

Figure 5-3 the front seat fixed on shaker table.
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5.4 Comparison and discussion
The hypothesis for this life cycle testing is that after life cycle testing, the
components will wear out, and the connection of these components will
become loose, which means the ‘comfort play’ will be bigger after the life
cycle testing.
In this result part, three types of ‘comfort play’ are going to be evaluated.
One is before and the other two are after the life cycle testing, with and
without adding lubricating oil.

Figure 5-4 spring characteristic curve for the front seat back before life
cycle testing.
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Figure 5-5 Spring characteristic curve for the front seat back after life
cycle testing without adding oil.

Figure 5-6 Spring characteristic curve for the front seat back after life
cycle testing with adding oil.
Table 5-1 Comparison of the results before and after life cycle testing.
Before life cycle testing
After life cycle testing
without adding oil
After life cycle testing
with adding oil

Zero play (mm)
0.763

Comfort play (mm)
1.183

0.771

1.127

0.838

1.338
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Seen from the results, regardless of whether lubricating oil is added or not,
the value of ‘play’ becomes bigger after the life cycle testing. Therefore, the
hypothesis has been proven correct. That is after the life cycle testing, the
connection of components in a vehicle will become worn and the ‘play’
becomes bigger.

Figure 5-7 Lubricating oil
Because of the definition of the ‘play’, the comfort play of the seat structure
with and without adding oil are different. The ‘play’ is defined as a vertical
jump in displacement, which means at that moment, the seat back moves
without applying any force as shown in the ideal force-displacement curve
in Figure 3-2.
In a real situation, there is friction and plastic deformation in the structure.
In turn, the jump will no longer be vertical, since a small force is needed to
overcome the friction, and it happens plastic deformation during this process.
Comparing the two pairs of force-displacement curves in Figure 5-8, after
the life cycle testing, the friction between components arise and the jump
becomes slant. This is why the comfort play of seat back with added oil is
larger than that without adding oil in Table 5-1.
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Figure 5-8 The results of before and after life cycle testing (without oil) in
force-displacement domain.
Theoretically, the life cycle testing only affects the value of play, but
comparing the two pairs of force-displacement curves in Figure 5-9, it is
found that not only the value of play changes, the position of the play also
moves to bigger force value.

Figure 5-9 the results of before and after life cycle testing (with oil) in
force-displacement domain
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6 Measurement error from displacement
sensor
Error analysis is an important part in experimental measurement because
error plays a key role in result evaluation. In this experiment, since the
displacement sensor is set up manually every time, it should be defined that
the angle (Figure 6-1) accuracy of the sensor perpendicular to the back of the
seat. The mathematical model helps calculate the error based on 20
measurements.

Figure 6-1 Side view of displacement sensor installation.
The mathematical model is shown as Figure 6-2. The blue line is the normal
line perpendicular to the back of the seat, the angle α is the error of manual
installation, and ΔL is the displacement difference from the sensor. And
ΔL*cosα is the corrected displacement difference in normal direction. Hence,
there is a difference between the measurement and the corrected
displacement, which is ΔL*(1-cosα).
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Figure 6-2 the mathematical model of displacement sensor angle accuracy.
As an example, in Figure 6-3, the orange one is the time-displacement curve
with 30˚ corrected. It can be found easily that corrected displacement just
scales back the measurement displacement. The difference between those
two curves is (1-cosα) of measurement displacement. Additionally, only
displacement data is corrected rather than both of displacement data and
force data. Hence, when the force-displacement domain is studied, like
Figure 7-11, only the displacement axis is corrected or scaled back. Then the
results, like comfort play, are scaled back as well because they are distance
actually. The difference between the corrected result and the original result
is (1-cosα) of the original result.

42

Figure 6-3 The displacement and corrected displacement (30˚) in time
domain.
As a verification, when the angle difference is 30˚, the original comfort play
is 1.4051 mm, the corrected comfort play is 1.2168 mm. The difference is
0.1883 mm. And the result of the difference is also giving as 0.1883 mm,
when the mathematic model (1-cosα) is used.
In fact, the measured displacement must be bigger than the theoretical value,
because the displacement sensor will never match the exact normal line of
the seat back. Additionally, the play is also essentially displacement.
Therefore, it is considered that the installation error of the displacement
sensor is -(1-cosα) of the measured play. Additionally, the standard deviation
is a required method to calculate error value. The final error from the
displacement sensor is -0.11% based on those 20 measurements data. The
data table is following as Table 6-1.
Table 6-1 The displacement sensor angle accuracy measurement data.
Set
1

Angle of sensor (degree)

Set

Angle of sensor (degree)

1.4

11

-1.6
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2

4.5

12

-2.9

3

0.8

13

-2.8

4

-2.2

14

-4.0

5

4.6

15

-1.6

6

2.9

16

-4.6

7

1.0

17

-3.9

8

0.4

18

-1.4

9

2.8

19

1.0

10

3.1

20

2.7
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7 Algorithm of play analysis
To develop and improve the current algorithm from the supplier, the first step
is translating the VB (Visual Basic) scripts into MATLAB scripts, and
understanding the basic ideal of the current algorithm. However, the current
algorithm is not suitable to solve the current requirements of VCC, for
instance, considering “pure play” as a new evaluation. An improved
algorithm is going to be the next task that has to be investigated. To make it
possible for general engineers to use this algorithm, the final step must be to
design a GUI (Graphical User Interface).
Additionally, this general algorithm is applied to calculation the paly in X
direction (driving direction).

7.1 Algorithm of comfort play from Supplier
(current algorithm)
7.1.1 Reconstruction by calculation of the spring characteristic
This reconstruction is based on measurements and fitted to the theoretical
data of a spring. The result is shown in Figure 7-1.
For each movement (strain and pressure) a fitting is evaluated. The
evaluation is connected to the place of the clearance. The clearance is the
vertical jump in Figure 7-1, such as the interval between two red points. The
result is the true clearance without any elastic or static deformation.
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Figure 7-1 Spring characteristic.

7.1.2 Evaluation steps by calculating the spring characteristic
7.1.2.1

x

Preparing of the input data

Filtering and specific manipulation are necessary for the robustness
of the algorithm below. For example, if two values are the same the
gradient would be infinity as a function of force.
Resample
Due to some knots and slopes in the result of the measurement, which
like the serrated curve on Figure 7-2, resampling of measurement
data is considered to smoothen curves. To get better measurement
data, signal data is resampled with a lower sampling rate (10% signal
data size). Afterward, the filtered measurement data is going to be cut
to ensure enough data for analysis.
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Figure 7-2 Force-Displacement curve of raw data.
x

7.1.2.2

Error
When the sampling frequency is too high to record different
displacement or force signal data, some measurements may have two
consecutive measuring points with the same value the program will
fail to separate them. For-loops and If-loops compare the data and
add a 1 behind the last decimal point. By using this method, these two
points are distinguished, but it will not have much impact on the final
result. to For example, if two displacement measurement data are
both 1.01 mm, programming helps make the second data become
1.011 mm.
Setting limits of the analysis area

Because two different clearances are investigated, the force-measurement
point curve (Figure 7-4) needs to be split into two parts. The maximum of
the force-signal represents the pressure and the minimum the strain, these
extreme values get multiplied by a factor (such as 85% or 95% of the
maximum force) to get the limits of the analysis area. Displacement will be
handled the same way.
The factor brings the necessary safety and cuts off the outer ranges of the
analysis area. In addition, Figure 7-3 shows the spring characteristics of the
force-displacement. When the absolute value of force grows larger than a
certain value, the spring characteristics become non-linear. This indicates
plastic deformation. Hence, this solution helps decrease the effects of plastic
deformation and minimize the risk of unreasonable error.

47

Figure 7-3 Spring characteristics on the force-displacement.[8]

Figure 7-4 Force-measurement point domain.
7.1.2.3

Detecting clearance in the analysis area

Based on supplier description of this part [9], Firstly, calculate the gradient
of displacement as a function of force, which is based on the following
equations.
The interior gradient values, G(i), are
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ܩሺ݅ሻ ൌ

ሺାଵሻିሺିଵሻ

( 7-1)

ଶήௗ௫

Which, A is the displacement and dx is the delta force in this case. And i is
the sequence number of data.
The subscript i varies between 2 and N-1, with N=length (A). Gradient
calculates values along the edges of the matrix with single-sided differences:
ܩሺͳሻ ൌ ܣሺʹሻ െ ܣሺͳሻ

( 7-2)

ܩሺܰሻ ൌ ܣሺܰሻ െ ܣሺܰ െ ͳሻ

( 7-3)

Figure 7-5 Force-displacement domain and gradient of red area.
Smooth function helps smoothen the gradient curve. In Figure 7-5, only the
gradient of the red curve is shown to simplify the explanation.
The first gradient of the analysis area shows the point with the highest rise.
In the force-displacement domain, the minimum gradient shows the position
of play.
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Note: This data is processed by an l Hz and 1st order low-pass filter in
MATLAB, to make the curve very smooth. This is an early idea from VCC
to handle raw data, there is no extra filter used in Supplier’s programming.
7.1.2.4

Structuring the measurement (areas of the spring characteristic)

Index values (Index1, Index4, Index5, and Index8) are used to define the
ranges of the spring characteristic. This is shown in Figure 7-6. These
indexes define the curve edges (red area and green area).

Figure 7-6 Defining Indexes.
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X0

Figure 7-7 Defining clearance.
Additionally, setting index values (index 3, index 4, index 6, and index 7)
helps define the analysis areas. As an example, index 3 is calculated by the
following description.
Firstly, define t and df. Here t is 0.0001% (experience value, which is a
variable based on data) of the maximum absolute gradient of the red curve
and df is 2% (experience value, which is a variable based on data) of the
length of force signal matrix on the red curve, which is an integer. For
example, if a force signal is a matrix with 2000 samples, then df is 40. The
factor in df is possible to change, which will give different calculation
numbers. One of results is shown as Figure 7-8.
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Figure 7-8 The result of supplier’s algorithm
Secondly, define position points x0, x1 and x2 on gradient curve (Figure 7-7).
At the beginning of the calculation, x0 is a position (row or column) of the
maximum absolute gradient in the gradient matrix, and f0 is the force value
on x0. Between x0 and x1, there is a space df. Then, the position of f1 in the
force matrix is as same as the position of x1 in the gradient matrix. For
example, the position of x1 is No.850 in gradient matrix, then the position of
f1 is also No.850 in the force matrix. x2 and f2 are calculated in the same way
as x1 and f1.
Next step, the mean value of the pairs (x1/x2, x0/x1) of gradients are
determined where the difference ‘c’ is compared to t. If this difference is less
than t, the position of index 2 is determined. Otherwise, if the difference is
larger than t, a new round of iteration commences. x0 moves to x1, x1 moves
to x2, and x2 will be found by increased df and f2+df. When the loop is
finished, index 3 is determined, The position of x1 is the index 3 start with.
For example, if the position of x1 is the 1st column and the 802nd row in
gradient vector, then the values of force and displacement matrices are used
to print a point on the figure, which comes also from the 1st column and
802nd row.
So far, this method can be named as ‘defining indexes from inside to outside’.
Notes:
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x

Generally, different seat brings different measurement data, then the
gradient curves are usually different, including shape and value, it is
not possible to define the end of the clearance on a fixed value of the
gradient. Hence, a fixed value will give false spring areas.
The second gradient does not bring the end point of the clearance.
Because it is too complex to find a suitable an index, even it is more
difficult than the first gradient.
The gradient of displacement is not reasonable to evaluate a, because
there is always an elastic deformation that superimposes the other
deformations.
A larger df is selected at the beginning, which helps x0, x1 and x2
jump over some ‘knots’ on the force-gradient curve. This could offset
the position of Indexes on curves.

x
x
x

7.1.2.5

Calculating the rise

Figure 7-9 Defining areas of rise on force-displacement curves.
Figure 7-9 gives an example of defining the areas of rise in forcedisplacement curves, which are limited by Indexes (index 2 to index 3). The
rise of the spring characteristic can be calculated based on the new areas,
which are the average of gradients before and after the clearance (black area).

53

7.1.2.6

Calculation of spring characteristic

Figure 7-10 Adaption of the spring characteristic of the curve.
The spring characteristic at the start and the end of the clearance are adapted
to the curve (Figure 7-10). The spring characteristic is defined by using the
rise and Indexes. The first step is calculated as the gradient mean values of
area 1 to area 4 (Figure 7-9). This average value is valid for both areas of the
spring characteristic. Finally, four spring characteristic lines are drawn by
using same rise value and across Indexes respectively.
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Figure 7-11 The result of spring characteristic with upper play and lower
play.
As the result, Figure 7-11 shows the comfort play, which is defined as the
distance between the upper red line and lower green line.

7.2 Improved algorithm from VCC
7.2.1 Current problem & new requirements
7.2.1.1

The unstable two factors

Based on the understanding of the current algorithm, it can be easily found
the following three problems.
Firstly, the factor t depends on the minimum gradient value that brings
instability. Hence, the ratio (experience value is 0.0001%) may be changed
frequently when analyzing different measurements.
Secondly, t and df are dependent with each other. It brings a problem that it
is quite hard to find a good result if only adjust one of them. The supplier
gives a solution, they studied the measurements of 10 seats, then found a
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ratio of t and df. The ratio became the general value in further calculations.
However, this solution is still not so good on application.
Thirdly, a worse ratio of t and df brings a bug on programming. The
programming may only find the first index (2) before it is stopped, just like
Figure 7-12 shows. The reason is that programming cannot find any c bigger
than t even running out of the all sampling points.

Figure 7-12 The result with worse ratio of t and df.
This means extra work for test engineers before the ratio of t and df is
decided. Another issue is that there are different ratios between different
types of seats. Hence, it may be a lot of additional work for different types
of seats, which could be time-consuming.
7.2.1.2

The new evaluation of play from VCC

There is a different interpretation of play between VCC and Supplier. Figure
7-13 shows a result of testing XC90 front seat from supplier. It can be found
by investigating spring characteristic lines that they are nearly parallel to the
curves so that indexes (2, 3, 6 & 7) are far away from the play area. Then the
comfort play can be calculated. However, VCC considers only the distance
of ‘vertical jump’ area as play, as shown in Figure 3-2, which is ‘pure play’.
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In this case, the algorithm from Supplier is not suited to find the accurate
turning points.

Figure 7-13 One of results of testing XC90 front seat from Supplier.
Based on the test data from VCC, the method of the algorithm comes out. In
real front seat test data (VCC), the play should be the “vertical part” of the
curve. Specifically, the play is the vertical distance between two small blue
circles on the red or green curve, as shown as Figure 7-14. It is required that
each pair of indexes (like index2 and 3) are approximately located on a
common vertical line.

Figure 7-14 The definition of play from VCC.
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7.2.1.3

The challenge of the new evaluation

In order to ensure that area of play is kept as true as possible, the extra filter
or resample will be no longer be used in the programming. Because the filter
will smoothen turning area, reducing the area of ‘vertical play’. If comparing
the frequency domain of two groups of data, one is without any filter, one is
passed by an additional10Hz/6th order low-pass filter. In the results, the main
peaks of two groups both appear in 10 Hz, because the low-pass filter with
10Hz is used during the measurement. Hence, an additional filter was not
necessary. Actually, the additional filter will bring an offset of curves so that
‘vertical play’ will be difficult to found (Figure 7-15).

Figure 7-15 The measurement data processed by using additional low-pass
filter.
When no additional filter is applied, the force-gradient curve becomes more
irregular with ‘smooth’ function, when comparing to one without ‘smooth’
function. Hence, the ‘smooth’ function has been deleted from programming.

Figure 7-16 The comparison of gradient-force curves with & without
‘smooth’ function.
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When indexes 2, 3, 6 and 7 are calculated in the supplier’s algorithm, they
start from the position of the minimum gradient at the two sides. But it is
judged that the force-gradient curve is still too complex to calculate in this
area, see Figure 7-16. Here, the area is named ‘knotted area’. In fact, it is a
big challenge for the current algorithm.
7.2.1.4

The requirement of spring characteristic lines

Since the object of study is the force-displacement curve, the spring
characteristic lines should be as parallel as possible to force-displacement
curves. The current algorithm can give a beautiful result when t equals
0.0001*gradient(min) and df value is good, as shown as Figure 7-17. But
these indexes do not meet the new evaluation criteria.

Figure 7-17 The global result of supplier’s algorithm with
t=0.0001*gradient(min).
Figure 7-18 gives the result of the current algorithm used to find pure play.
It might find a real pure play when t equals 1000*gradient(min) and df value
is good. However, these spring characteristic lines do not meet the
requirement of this section.
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Figure 7-18 The global result of supplier’s algorithm with
t=1000*gradient(min).
Therefore, the current algorithm cannot meet these two requirement at same
time.
7.2.1.5

The unexcept ’knot’

there are some small jumps in unexpected areas (black circles in Figure
7-19), when studying the data from the front seat after life cycle testing. How
to deal with them will be another problem.

Figure 7-19 The front seat measurement curves after life cycle testing.
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7.2.2 Improvement of the algorithm
In general, there are four main improvement of the algorithm:
1.
2.
3.
4.

Defining indexes from outside to inside.
Only one factor is used to define indexes.
Offset indexes to fix spring characteristic lines.
Set study range before search indexes.

For the first improvement, it is found that the sides of the gradient value are
more stable. Hence, the t is redefined as below formula. And ‘while t<c’
changes to ‘while t>c’ in programming. Meanwhile, this method will not
meet the complex gradient area, it is easy to stop before the first knot if the
factor is big enough, which usually brings a good result. This method makes
finding Indexes much easier in algorithm level.
 ൌ    כሺሺሻሻ

( 7-4)

About the second improvement, the first improvement makes df equals 1
possible. Otherwise, only the big df can overcome the complex gradient area.
However, an adjustable df is not so popular. In the end, operator only needs
the factor on t to analyse measurement data.
Then, the third improvement gives a new idea to deal with spring
characteristic lines. Once the indexes (2, 3, 6 & 7) are determined with the
new evaluation, the plastic deformation (mentioned on Chapter 3) will be
considered as the part of the common slope of spring characteristic lines. For
removing these parts, offset indexes (2, 3, 6 & 7) helps define a ‘play area’,
which is similar to the ‘play area’ of comfort play of supplier. The offset
indexes are marked as star points on Figure 7-20. Then, the algorithm will
offer a good common slope without the gradient of plastic deformation area.
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Figure 7-20 The final result from VCC.
The fourth improvement provides a solution to avoid the unexcepted knots.
One more step is added before calculating Indexes, which set a study range.
Test engineers can select an interesting force interval depending on each
different curve to avoid those small unexpected jumps.

7.2.3 The other problems and solutions
7.2.3.1

Cut raw data

Comparing the two diagrams in Figure 7-21, it is found that Supplier’s data
has only one period. VCC’s raw data has 3 periods, which do not have the
exact same length of each period due to a testing error. Hence, which period
should be cut and how to cut out a single period is the first step needs to be
completed.
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Figure 7-21 Raw data from Supplier and VCC.
Taking into account the actual situation of the test, it is decided to reserve
the second period of the signal. The first period may not be stable enough to
be analysed and the third period is not full, so it cannot be analysed. Hence,
the second period will be used for analysis purpose.
Then the objective is to find two valleys, as shown as Figure 7-22. and the
calculation steps are the following.

Figure 7-22 The reserved period of signal.
1. The rough period length can be decided from frequency domain by
using FFT (Fourier Fast Transform). Find the main frequency in the
frequency domain and use the below formula to find the period length.
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2. Using ‘findpeaks’ function in Matlab gives height limitation as the
half of minimum force and width limitation as the half of T. If there
are no limitations, the ‘findpeaks’ function will give many invalid
points due to experimental errors.
As a result, the two valley points are found. The peak of the signal can
also be found this way, by giving height limitation as half of the
maximum force and width limitation as the half of T, which is the basis
to calculate the position of index 4 and index 5.
7.2.3.2

New problem of new seats, and the modified Supplier’s algorithm

Figure 7-23 The force-displacement curves and force-gradient curves of
new seat.
For the new seat, the force-gradient curves (Figure 7-23) are usually much
smoother than tested one. However, the above improvement algorithm
cannot deal with this situation well. Instead, Supplier’s approach seems more
applicable, which means searching indexes (2, 3, 6 & 7) from inside to
outside. But, furthermore, it needs to be modified so that used easier.
Based on analysed current all data, the values of df and t are,
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Which factor is from the operator, the recommendation is from 40 to 60. And
c is the difference between the mean values of the pairs (x1/x2, x0/x1) of
gradients.
About t value, it depends on the minimum gradient and initial c. The basic
idea is like, reducing the absolute minimum gradient value until it is smaller
than the first c, which c is the difference in Figure 7-7. The absolute
minimum gradient will divide by 2 (experience value) in sometimes. The
above equation (4.6) is from the simplified processing by mathematical
calculation.

7.2.4 Comparison & summary
x

The size of df.

In supplier’s method, it gives a different size of df in different situations. This
method moves x0, x1 and x2 from minimum gradient area to sides. Adjusting
the size of df helps them jump out of some complex gradient area. In addition,
the big df can reduce the number of calculations. However, test engineers
have to find a suitable value for df in different cases by testing many times,
even the factor value of t (a standard in searching Indexes) will affect the size
of df so that they need to find a suitable ratio of df and the factor of t. (because
the factor is the only variable that can be adjusted, replacing ‘the factor of t’
with ‘t’ to explain briefly).
However, in the improved method, the value of df no longer needs to be large,
and it is fixed as 1. This method solves most of the previous problems. In
addition, it will give a more exact result. Although comparing Supplier’s and
this method, the new method will perform many more calculations for each
index, the computer is so powerful that the time of calculation is still quite
short. Hence, it is a minor issue that can be ignored. Additionally, df is the
key factor in modified Supplier’s method.
x

Errors occurred while running programme

In supplier’s method, a small problem often appears. It cannot find a suitable
index even the function has already searched all gradient data, once an
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unsuitable couple of t and df are used. Then the algorithm will show an error
because of the lack of data.
Fortunately, the improved method solves this error. In general, this method
will limit these points (x0, x1 and x2) to move within an area, where is from
the selected point (the selected range) to the first ‘knot’ on the searching way.
Then, at worst, the index will stop at the beginning of selected range or the
first ‘knot’. Hence, whatever the value of t is, there is no such error anymore.
x

The final algorithm about searching indexes (2, 3, 6 & 7)

The final algorithm is combined modified Supplier’s algorithm and VCC’s
improvement algorithm. The user interface can detect the measurement data
automatically, and choose a suitable algorithm to calculate results. The only
one thing for the operator is to choose a suitable factor to control t or df.
x

Summary

In the improved method, variables are t and selected range rather than t and
df. The t and df will seriously affect each other in Supplier’s method, but the
improved method reduces the difficulty of selecting t and df, which means
test engineers will only have to find a suitable t.
Due to the new step added, which is selecting studying range, engineers can
find Indexes directly based on curves.

7.3 The results comparison between supplier’s
algorithm and improved algorithm
On the one hand, supplier’s algorithm cannot give good indexes. On the other
hand, the new requirement from VCC is going to study ’pure play’, which
definition shows in Chapter 3. When supplier’s algorithm is used, adjusting
t helps find ‘pure play’. However, if studying these 3 figures below, it is
found that increasing t value is helpless to determine more exact indexes.
Here, increasing the value of t usually makes a pair of indexes become closer.
Comparing these 3 figures, the improved algorithm gives any pair of indexes
(2/3 or 6/7) almost on a vertical line, which is the good results, as shown as
Figure 7-27.
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Figure 7-24 The partial result of supplier’s algorithm with
t=0.1*gradient(min).

Figure 7-25 The partial result of supplier’s algorithm with
t=10*gradient(min).
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Figure 7-26 The partial result of supplier’s algorithm with
t=1000*gradient(min).

Figure 7-27 The partial result of improved algorithm.
On the other hand, supplier’s algorithm cannot gives the good indexes and
the good spring characteristic lines at the same time. On Figure 7-28 (left),
even if the indexes are considered good enough when t=1000*gradient(min),
there is a big angle between the spring characteristic lines and forcedisplacement curves. But when good spring characteristic lines are found,
the indexes cannot meet the new requirement, as shown as Figure 7-28 (right).
Comparing Figure 7-28 (left) and Figure 7-29, the spring characteristic lines
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of the improved algorithm are much more paralleled to force-displacement
because the 5% offset indexes are used.

Figure 7-28 The global result of supplier’s algorithm with
t=1000*gradient(min) and t=0.0001*gradient(min).

Figure 7-29 The partial result of improved algorithm.
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7.4 Graphical user interface
Matlab script alone is not universal for doing a measurement, it is unfriendly
for a beginner. Hence, GUI (Graphical user interface) is going to be worked
out to help measurement. Due to Matlab has a powerful guide to help build
a good GUI, there is only a brief introduction in this thesis.
Firstly, enter ‘guide’ in the command window with Matlab Figure 7-30.
Secondly, select ‘Blank GUI (Default)’ in ‘Create New GUI’ and click ‘OK’.

Figure 7-30 Open GUI with Matlab.
After opening a GUI figure window (Figure 7-31), it is found that there are
some graphical functions to help work out an interface, like push button,
checkbox, axes, etc.
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Figure 7-31 GUI figure window.
Finally, the graphical function can be edited based on necessary, as shown as
Figure 7-32. The appendix gives more details about this GUI as an
instruction.

Figure 7-32 Final GUI figure window.
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8 Simulation
8.1 Introduction of simulation
The following figure 8-1 shows the flow chart of the simulation for this thesis
work.

Figure 8-1 Flow chart of simulation
The combined and fully integrated ANSA / MΕΤΑ suite is commonly used
in industry worldwide, especially in the field of automotive. Benchmarks
performed by OEMs and their suppliers have shown 35% to 96% CAE
process performance improvement over competitive software [10].
The vehicle seat structure system was built in CATIA, 7 seat structures in
total, for this thesis work, only front seat structure (driver seat) was
interested. According to the experiment set up, an alternating load and
boundary were set in ABAQUS. The displacement of the measuring point
was checked in the Post-processing software META. In the following
section, each step in the simulation is going to be introduced.
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figure 8-2 The vehicle seat structure system in ANSA

8.2 Pre-processing
ANSA is an advanced multidisciplinary CAE pre-processing software which
is used to do the simulation for complete seat structure model. All software
features are integrated in one environment in ANSA. Its highly customisable
GUI make ANSA to be widely used in collision, fatigue, NVH, CFD
(Computational Fluid Dynamics), and other finite element analysis.
Normally, the model is created by other CAD software like, CATIA V4, NX,
Pro/ Engineer and other formats, which can be converted to ANSA files.
After input of the file, then the next step is geometric clean-up.
Geometric clean-up is an important step before making a finite element mesh
model. When the geometric model is poured into the finite element preprocessing software, there will always be a phenomenon of geometric data
loss due to format conversion, which requires the finite element preprocessing software to have an efficient and quick repair function.
The integrated Batch Meshing in ANSA is a quick and efficient tool for both
shell and volume meshing. Batch Meshing contains 4 main steps, creation of
scenario, contents, mesh parameters and quality criteria.
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Figure 8-3 ANSA GUI for selection of component for batch meshing’.
Despite of the convenience of Batch Meshing, there will have some error in
some details, besides in order to create a good shell mesh quality, meshing
part by part becomes necessary. After meshing the model, the Checks
Manager is used to check the mesh quality, a well meshed model will make
the simulation much easier.

8.3 Pre-processing deck/ Solver
x

Modal analysis

The aim of modal analysis is to identify the modal parameters of the model
and provide a basis for structural vibration analysis, vibration fault diagnosis
and prediction, and optimal design of structural dynamic characteristics.
When the life cycle testing is performed, PSD (Power Spectral Density) of
the seat structure in three directions is obtained, as a validation, the modal
analysis of the SPA front seat has been simulated by using ABAQUS. The
following figure is the inp file for doing the modal analysis. The red part
that's marked shows the number of Eigenmodes needs to be output.
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Figure 8-4 Modal analysis input file.
x

Simulation Main Process in ABAQUS

Before setting constraints, loads and boundary, an important step is to
check that all parts of the geometry have been defined material
properties, otherwise this may cause fatal error when doing simulation.
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Figure 8-5 Simulation Main Process in ABAQUS.
After defining the material for all the parts, the next step is to set constraints,
boundary and loads. For setting the loads, which should be the same as what
has been done in the experiment, an alternating load of ±90N was applied in
the centreline of the backrest. 3 steps are set, which is from 0N to 90N, 90N
to -90N and -90N back to 0N. If the load is applied on one node of the seat
back, which may cause some error. Thus, the function called Kinematic
Coupling can be used to define the constraints, and a better simulation result
will be obtained
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Figure 8-6 Force distribution area for applying load.
Since the direction of the load is perpendicular to the seat back, a new
coordinate system has been defined, which makes the Y axis of the new
coordinate system is perpendicular to the back rest. After that, a concentrated
force (CLOAD) was applied along the y axis in the new coordinate system.
Then every nodes of the sliders for both sides are selected and the function
Boundary (nodes) are used to keep the whole seat structure fixing on the
ground
The next step is to define the constraints, which is the most difficult part,
especially the pivot joint, because it’s unknown that how it looks inside.
Thus, by the approval from VCC and seat suppler, the seat structure was
disassembled.

77

Figure 8-7 Disassembled seat structure.
After disassembling the seat structure, a clear view of latch was showed, the
left figure shows the main parts on the pivot beam, which consists of a spring,
two planking parts and a plastic shell. The right figure shows two internal
gears. The change of the seat back angle is controlled by an electric motor,
these two meshing gears are used to keep seat back moving in a certain angle.
There are two different ways to define the constraints in the latch part, the
first one is to keep the latch totally fixed. A kinematic coupling was used to
connect the outside shell (1) and the recliner (2) in Figure 8-8. When pulling
or pushing the seat back, the displacement of the seat back is caused by the
bending and the stiffness of the seat back.

Figure 8-8 kinematic coupling between the outside shell and the recliner.
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And other way of defining constraints is to use kinematic coupling between
the outside shell and the rotation beam (3) in Figure 8-9.

Figure 8-9 kinematic coupling between the outside shell and the rotation
beam.
By using this way to define the constraint, will have some rotation in the
latch. Both two ways are reasonable, but in the result part, the difference with
these two methods will be showed.
x

Friction

The motion of the seat back is due to two mesh gear. In order to have a
smooth movement, lubricating the latch is good way to reduce the friction
between each component. As is shown in the following figure, the white
colloid is the lubrication oil.

Figure 8-10 Lubrication oil inside the latch.
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During FEM simulation, the friction between components needs to be taken
into consideration. The following chart shows how friction is added in
Abaqus in ABAQUS.

Figure 8-11 The flow chart about how to add friction in ABAQUS.
When defining the friction, since it is a pair contact, the Slave and Master
surfaces need to be chosen. There have some rules or experience that is useful
to decide which surface should be acted as a master surface.
1. Two surfaces, the larger one should act as a Master surface
2. Stiffer body should act as a Master surface
3. Coarse mesh should act as Master surface

Figure 8-12 Define master and slave surface.
x

Beam element

When numerical integration over the beam section is required, the cross
section for beam elements needs to be defined. Since for this seat structure,
the seat back rotates around a slender beam and the shear deformation is not
taken into consideration, thus Euler–Bernoulli beam theory is used as
numerical integration.
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In ABAQUS, Beam elements are named as follows:

Figure 8-13 Beam elements in ABAQUS.[11]
For example, B33 is Euler-Bernoulli beam elements that use cubic
interpolation functions.
In BEAM SECTION & ELEMENT TYPE, there have three choice for the
element type which are B31, B33 and PIPE31. For this simulation, EulerBernoulli (slender) beams, B33 are used.

Figure 8-14 Beam section and element type.

8.4 Post- processor
META is a high performance multi-disciplinary CAE post-processor which
is owe to its high performance of results reading and graphics display. After
running the simulation in ABAQUS, an odb file will automatically be
obtained in the result folder. The odb file which is going to be studied was
selected.
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Figure 8-15 Select odb file from the result folder
The displacement of node 1 was checked, which was defined in ANSA,
500mm from the pivot joint.

Figure 8-16 Displacement for node 1

8.5 Result
In the life cycle testing, the accelerometer cannot be placed on the seat
structure directly, because of the resonance. Once the dynamic shaker is
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shaking at the resonance frequency of the seat structure, the system will shut
down automatically to protect the seat structure. Nevertheless, the natural
frequency of the seat structure can be obtained during this test, as long as the
sensor does not give the system a feedback.
PSD refers the distribution of the signal energy, the following figure is the
PSD of the seat structure in three directions.

Figure 8-17 PSD in x-y-z directions.
The purple curve is the PSD in X direction, orange for Y direction, the pink
curve represents the PSD in Z direction and the blue curve is PSD of input
signal. The peaks of the orange and pink curves have the same frequency
which is around 26 Hz.
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Figure 8-18 the modal analysis result.

Figure 8-19 10 Eigen frequency of front seat structure
As a validation, the modal analysis of the SPA front seat has been done. The
mode 7 has the vibration in both Y and Z directions, and the result of the
modal analysis showed that the natural frequency of the seat structure was
21 Hz, which was close to the result obtained from the shaker test.

8.5.1 Pre- simulation Result
To check whether the load, constraints, boundary conditions have been set
correctly, a pre- simulation test has been performed. A contact problem in
the slider part is found which is shown in the following figure.
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Figure 8-20 Problem in the shell and slider
From the results of the simulation, it can be found that there occurs some
small movement in the connection part between the seat structure and the
slider (the red circle which was marked in figure 8-20). To figure this
problem out, the model in ABAQUS was checked, and it was compared with
the seat structure in reality, the diffidence was that, the model that used in
simulation only use a bolt to connect the shell with the slider, however, only
one bolt is not strong enough to join two components together, that’s why in
real seat structure, this part has been welded, then the shell is totally fixed on
the slider.

Figure 8-21 Shell and slider of real seat structure
The solution to solve this problem is to add MPC (Multi- Point Constraints)
to combine the shell and slider together.
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Figure 8-22 MPC in connection part between the seat structure and the
slider
After adding MPC in the connect part, and the simulation was retuned, the
small movement in Z direction disappeared, then the simulation is closer to
the real situation.

8.5.2 Statistic load result (without adding friction)

Figure 8-23 The results from experiment and simulation.
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Comparing the results from experiment and simulation (Figure 8-23), it can
be found that the simulation results are quite linear.
The following part includes the reason why the simulation results are quite
linear, the course of limitation, how the different BC (Boundary Condition)
effected the simulation and some suggestions for simulation improvements.

8.5.2.1 The reason that the simulation results are linear
There are three nonlinear sources in structural problems: material, geometry,
boundary (contact). ABAQUS has two main analysis modules:
ABAQUS/Standard and ABAQUS/Explicit.
ABAQUS/Standard is a general analysis module, which can be used to solve
a wide range of linear and nonlinear problems, including static, dynamic,
thermal and electrical problems, etc. Newton-Raphson algorithm is used in
ABAQUS/Standard to obtain solutions of nonlinear problems. In a nonlinear
analysis, the solution cannot be solved by solving a single system equation
as in the linear problem, which should apply a load incrementally to obtain
the final solution step by step. Therefore, ABAQUS/Standard divides the
simulation into several load increments.
ABAQUS/Explicit which is an analysis module for some special analysis,
and transient dynamic events such as impact explosion and transient dynamic
events.
8.5.2.2

The limitation of simulation and the course of limitation

For the seat structure, there are 64 components, and each component are used
constraint to connect with each other, the friction between every constraint
need to be taken into consideration, for this thesis work, only the friction
between the recliner and the side shells were considered, which will make
the seat back of seat structure has more movement.
8.5.2.3

Some suggestions for simulation improvements
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Figure 8-24 Internal gearing
Since the movement of front seat structure like changing the angle of the seat
back was controlled by an electronic moto and two meshed gears, so the
Complex Joint: Gear should be chosen as constraints instead of using
Kinematic Coupling.
The main task for this thesis is to find the play in the seat structure, the gap
between the gear’s teeth will also cause the play and the arise of S&R, which
means more details about the gear should be displayed in the model, like the
number of gear teeth, modulus, and other parameters.
Another suggestion is about the friction, in the previous section, it is
mentioned that there is friction between each component, from the result of
the simulation, it is apparent that the slope of simulation results are larger
than the experiment result, one of the main reason is the friction, after
defining all the friction, then the slope of the force-displacement curve will
decrease and become closer to the experiment results.
8.5.2.4

How the different BC effected the simulation

In chapter 8-2, two different ways of defining constraints was discussed, one
was to keep the latch totally fixed, and another way was to allow some
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rotation along the pivot beam. Two different results are shown in the
following figure.

Figure 8-25 Force-displacement curve by using two different methods
From the results, it is apparent that, for method 1, which has more
displacement of the seat back, compared with method 2, the maximum
displacement is about 7 times larger. As is mentioned in the previous chapter,
the friction is a key factor in this simulation, after adding friction in each
contact surface, then less force need to be added on the seat back to reach the
previous position, which means the slope of the force-displacement curve
will decrease, from this point of view, method 2 is more reasonable, because
for method 1, if the friction is added, then the displacement will be smaller
than 1.176mm.
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9 Conclusion and Summary
This thesis work mainly is separated into three parts, the play measurement,
the improvement of algorithm on play analysis, and the FEM simulation.
Following with the instruction from seat supplier and the related experiment,
the Seat Structure Play test has been performed in the mechanical lab in
Volvo. For the experiment, some improvements were added, for instance, the
sampling frequency for the test, and also taking the installation error into
consideration. During life cycle testing, which is similar to durability test,
the aim was to examine how the seat structure becomes after a long time of
usage. From the results, a brief conclusion was made, after the life cycle
testing, the components of the seat structure become worn, and also a bigger
gap will appear among components, which will cause the arise of S&R and
the increase of play. Hence, two different standards should be set for the seat
structure before and after the life cycle testing.
The improved algorithm not only satisfies the new requirement of VCC well
and makes up for the defect of the supplier’s algorithm design, but also
provides a much more effective and accurate solution.
The simulation of the play in seat structure is a big trouble in VCC and seat
supplier. And both companies are facing the main problem how to add the
play into the seat structure. One of the most difficult parts is that the rattle
will occur almost in every part of the seat structure. So far, both companies
made a deal, it’s considered that there are 12 different measurement points
that occur the noise. In this thesis work, the main simulation problem was
how to define the play on the pivot joint. Thus, all the simulation works
focused on the joint. Comparing with some simple components, the seat
structure must be simulated as an entirety, because all the components are
connected with each other. Then there was a big difference between the
results of simulation and experiments. Additionally, friction is also one of
the factors affecting the simulation results. In this thesis, some simulation
improvements are made which will be useful to further simulation.
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To summarize this thesis work, the main task has developed an physical
measurement method, developed and improved an analysis software for play
measurement of seat structure in X direction. This work has been completed
in co-operation with Volvo Car Corporation the seat Supplier, and this
software will be applied to verify play in production seat structures according
to set requirements.
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10 Future work
x

It was found that z play is also an important and interesting issue that
needs to be researched after several measurements.

x

The acoustic level is a good research direction due to lots of S&R
occurred during the life cycle testing.

x

So far, this improved algorithm may only work for the front seat. If
the measurement of the rear seat is completed, it may be necessary to
modify the algorithm based on the data of the rear seat.

x

Study the reason for the changing of force-displacement curves
between before and after (with oil) life cycle testing.
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Appendix
GUI instruction
Operating procedures

Definition of each curves and indexes on the figure

Red and green dotted line: the gradient of red and green solid line
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Input experiment data
Check that the experiment data is in the correct folder
Click [Browser]

Input data from folder
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Set Analysis Parameter
Set the limited area which you are going to study for upper curve and lower
curve
See Common Problems and Solutions (1 and 2)

Get rid of some big play on the curve
If there still have some small play which cannot been found by eyes directly
in this area, the system will prompt that there might have more than one play
in this area
In order to get a more correct result, zoom in the curve and reselect the area.
Set the factor for the upper and lower curve
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The position of the index 2, 3, 6 and 7 is determined by the factors, try with
different values until get an sufficient result
The recommended factors for both curve are in the range of 40 to 60
See Common Problems and Solutions (3)
Set the offset factor for defining the index 2, 3, 6 and 7, which is used to
calculate the spring characteristic

The default offset factor is 5%
See Common Problems and Solutions (4)
Result Analysis
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Click [Calculate]

The result will be shown on the right side of the figure, including different
types of play

Different types of play
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Zero play: The distance between the upper curve and the lower curve in zero
crossing.
Comfort play: The distance between the upper spring characteristic and the
lower spring characteristic.
Upper play: The distance between two spring characteristics of the red curve.
Lower play: The distance between two spring characteristics of the green
curve.
Mean pure play: The mean value of the upper play and lower play.
 ݕ݈ܽ݁ݎݑ݊ܽ݁ܯൌ
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Click [Save data] & [Export PDF]

Save the final data with Excel format etc.
Export report as PDF type.
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Other Options
Click [Zoom in/out], draw a box to zoom in or out the area that is interesting.

Click [Zoom off] to keep the size of the figure.
Go back to the original figure, use [Zoom reset]
More options for the figure display. Check the interesting option to show on
the figure, the Force- Gradient curves, indexes and spring characteristic
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Common Problems and Solutions
Problem 1:

About the position of play area. Generally, play area is around the area
closing to 0 N. If play area appears a farther area (like ±35 N), then it might
have some problem with this seat structure.
Example: In this case, play area is around -50 to -30 N.

Solution: It is recommended to replace another seat, or try to lubricate the
joints of the seat structures.
Problem 2:

About unexpected play. There may be not only one jump on ForceDisplacement curve, which means there may be some unexpected jumps on
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the curve. Generally, if this case happens, software will give you a warning
dialog to prompt you after calculating. This case will lead to an unexpected
calculation result, such as indexes are stop at some unexpected position
rather than on the play area you understand.
Example: In this case, software gives a warning about unexpected plays. If
we zoom in this figure, there are some small jump.
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Solution: It is recommended to use Tools (zoom in) to help you adjust the
curve limitation in Parameters part until the unexpected play is outside of the
range you selected.
Problem 3:

About upper/lower factor. Based on different seats are tested, the ForceDisplacement curves maybe have some difference, which requires different
value of upper/lower factors to get better results.
Solution: Higher value of upper/lower factors brings smaller difference (in x
direction) of two close indexes. Generally, 40 to 60 is recommended.
Example: The following figures show the difference between two cases when
upper/lower factors are 0.1 and 40.
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Problem 4:

About offset factor. What kind of offset factor value is reasonable?
Solution: Offset factor helps us find a more stable position on Force-Gradient
curves, which makes the spring characteristic lines more parallel to ForceDisplacement curves. It is called good offset factor. And higher value of
offset factor brings larger offset.
Example: The following figures show the difference between two cases when
offset factors are 0.1% and 5%.
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About Experiment
Test Object: Volvo XC90 SPA front seat structure
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Experiment setup:

Force sensor: GKR2-2930:1, Next calibration: April 2019

Displacement gauge: GLÄ-1422:1, Next calibration: September 2019
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Universal joint
Force attachment
Data collection system:

System program: DEWESoftX2
Sampling frequency: 500 Hz
Velocity of moto: 1 mm/s
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