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Abstract

The vehicle seat rattles or, in general, BSR (buzz, squeak, and rattle) noises are one of the major
issues, which are directly linked to the NVH (noise, vibration and harshness) quality of the vehicle.
Predicting and improving the seat BSR noise in early design phase is still challenging. This is
mainly due to the complexity, nonlinearity and uncertainty of the impact mechanism at joints
contributed to the rattle. Here, it is shown that there is a strong link between the seat structural
dynamics and the seat rattle noise so that the seat rattle noise can be predicted and controlled
from the seat structural analysis in early design phase. Accordingly, two experiments are designed
for this study. The first experiment is set up to characterize the seat resonant frequencies and its
corresponding structural mode-shapes. The second experiment is designed to measure the seat-
radiated noise when it goes under vibration excitation. Alternatively, a concept CAE (Computer
Aided Engineering) model of the seat is developed and the seat structural dynamics is character-
ized by using this analytical model. The model is developed to allow designing the seat-structure
modifications as well as examining the effects of the modifications on the rattle noise. Compari-
sons of the results of the simulation and experiment validate the developed CAE model. The re-
sults confirm that by changing the seat resonant frequency, the rattle noise and in general BSR
noise can be improved or controlled accordingly. Consequently, for the seat system which has an
identifiable structural dynamics, the BSR noise can be managed and controlled in early design
phase by using the seat CAE model.
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1. Introduction

The vehicle seat is one of the major components that have potential to be a source of annoying BSR (buzz,
squeak, and rattle) noise [1]. Controlling BSR is becoming essential with the trend toward using lightweight
materials combined with the increase in number of the seat sub-components such as electronic gadgets [2].
Moreover, in the quiet cabin of the modern vehicles, BSR has become more prominent as customers perceive
BSR as direct indicators of vehicle build quality and durability [3]. According to a market survey, squeaks and
rattles are the third most important customer concern in cars after three months of ownership [3]. Furthermore,
upcoming electric cars will highlight the importance of the BSR issues [4]. BSR is generally caused by loose or
overly flexible elements under excitation. BSR is originated from frictional movement between two parts or
from the impact between two parts. The rattle noise is caused when surfaces close to each other move perpen-
dicular to each other due to insufficient attachments or insufficient structural strength [4]. In general, the main
causes of the BSR are structural deficiencies, incompatible material pairs, and poor geometrical design [4] [5].

Modern advances in the vehicle noise and vibration control engineering have reduced the transmission of the
vibration or noise from different sources such as powertrain or road into the passenger cabin [1] [6]. This is
mainly due to the development and innovations in virtual or analytical techniques for the structure-borne or air-
borne noise control in early design phase [7] [8]. Despite the importance of the BSR noises, many of them are
detected after production phase of the components, or some even after the vehicle is launched. Therefore, pre-
dicting and controlling BSR in the early design phase is important to be investigated [9] [10]. In other words, a
possible analytical design method minimizes find-and-fix physical tests and provides an upfront solution for the
BSR noise. Nevertheless, development of a robust analytical method for improving the BSR in the vehicle
components has always been challenging. This is mainly due to the complexity, nonlinearity, and uncertainty of
the dynamics of the impact or sliding mechanisms at joints contributed to the BSR. Some vehicle components
such as door trims exhibit a wide range of critical frequencies with no proper global mode shapes and their BSR
may happen in a wide excitation frequency band [11]. Nevertheless, the vehicle seat structure has a robust
structural dynamics, which generally exhibits a maximum three known vibration mode shapes at low frequencies
[12] [13] (<80 Hz). Furthermore, in modern vehicles, the seat is exposed to the low level of the floor or seat
mountings vibrations, which unlikely causes the seat sub-components BSR at frequencies away from the seat
resonances.

This paper shows that the seat rattle noise can be predicted and controlled in early design phase by character-
izing and controlling the seat structural dynamics. Experiments are designed to first characterize the seat reso-
nant frequencies/mode-shapes and second to measure the seat rattle noise. It is shown that the rattles of the seat
components can be predicted and managed by modifying the seat structural dynamics. Such upfront knowledge
about the seat rattle can greatly assist to provide robust solutions for preventing or controlling the seat rattle in
early design phase [4]. The structural dynamics of the seat is also characterized by using the developed CAE
(Computer Aided Engineering) model of the seat [12] [14]-[16]. The concept modelling method is used for the
CAE modelling of the seat structure [14] [16]. The model is developed to allow us to probe the effects of seat-
structure modifications on the rattle noise. Comparisons of the results of the simulation and experiment validate
the developed CAE model. The experiment and simulation results show that the seat has two structural reso-
nances in low frequency range (<50 Hz); one at around 31 Hz, which is the seat torsion and the other at around
48 Hz, which is the seat fore-aft bending. The noise measurement result reveals that the seat generates high level
of the rattle noise when the seat excitation vibration is close to the seat structure torsion resonance (31 Hz). We
have further confirmed that the occurrence of the rattle is related to the seat structural dynamics and it can be
controlled and managed by modifying the structure. Two modifications are designed by using the seat CAE
model. One modification is designed for increasing the seat torsion resonance nearly 4 Hz, and a second modi-
fication is done for decreasing the seat torsion resonance nearly 4 Hz. The designed modifications are then ap-
plied on the test seat and the rattle noise is measured on the two modified seats. The results show no more high
level of the rattle noise for the two modified seats. These confirm that by changing the seat resonant frequency,
the rattle noise and in general BSR noise can be changed accordingly. Consequently, for the seat system, which
has an identifiable structural dynamics, the BSR noise can be managed and controlled in early design phase by
using the seat CAE model. Furthermore, such early phase modifications of the seat structure are more robust
than merely tuning the joints associated with BSR. In fact, the proposed modifications of the structure control
the seat resonances and therefore transfer less vibration into the sub-components, which are vulnerable to rattle.
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2. Method
2.1. Seat Modeling

A selected vehicle seat (a mid-size sedan car) is modelled by using FE methods and CAE techniques. The model
of the seat must be correlated with its corresponding test data and it will be used instead of the seat. In other
words, the model is developed to characterize the major seat structural dynamic behaviours such as resonant
frequencies and corresponding mode shapes. Hence, a concept model, which characterizes the main attributes of
the system, is developed for the seat. It is worthwhile to mention that due to the need of the industry for the fast
and high performance computations, the CAE concept modeling method of the automotive body is still an at-
tractive research area for the automotive CAE investigators [17]. According to the CAE concept modeling, the
FE model of the seat structure is created via concept beams and joints. The detailed method of CAE modeling or
concept modeling is extensively discussed in the literature [12]-[15]. Altair Hyper Works and MSC Nastran
software are used for modeling and processing of the seat. The seat frame is made from steel and the steel prop-
erties have been used for the structure of the CAE model.

Main members of the seat are modelled using beam elements (e.g., PBEAM in Nastran software) such that
their cross sections have exactly been the same as the corresponding sections at the seat. Therefore, all calcu-
lated properties of the beam elements such as bending and torsional moments of inertia are as close as possible
to the physical model of the seat structure. For example, the seat members such as backrest, side members are
simplified using beam modeling approximation.

In CAE concept modelling method, creation of a simple and reliable model for the joints is very important.
Extensive researches are reported in the literature about the concept modelling of the main joints in the structure
[15]. In this research, Guyan method [18] is used to create simple and reliable concept joints. Guyan Reduction
is a method to condense the FE model of structures into a reduced description in terms of the stiffness and mass
matrices at the end nodes where the joints connect to the corresponding members. Neglecting the inertia effects
in calculating reduced model, Guyan method is also called static condensation. Equation (1) is the general form
of the static finite element model.

[K]{X}={F} (D)

where K is the stiffness matrix, F and X are the force and the displacement vectors, respectively. By identifying
boundary degrees of freedom (index b), which must be retained in the solution, and internal degrees of freedom
(index i), which are to be removed by static condensation, the system of Equation (1) can be partitioned as fol-

lows:
5 Sl
Ko Koo ] [ X - Fo

By substitution of G, = —KiﬁKib into the first row of Equation (2), the Equation (3) is derived:

X =K' (R —KpX,)= Ki'F + Gy, ©))
Finally static condensation matrix is obtained as:
Kop,rea X6 = Forea = KpiGpi + Kip (4)

The details about Guyan method can be found in the literature [18].

In addition, it is important to note that static condensation gives exact stiffness matrix, while it is just an ap-
proximation for the mass matrix. Therefore when this method is exploited it is assumed that inertia forces on in-
ternal DOFs are less important than elastic forces transmitted by the boundary DOFs.

After modelling the seat structure; cushion mass effects are added to the structure using non-structural mass.
In other words, the foam cushions are not modelled in detailed as their stiffness contribution to the seat structure
are negligible in low frequencies (<80 Hz). The total mass of the seat cushion, in the selected vehicle seat, is 6.0
kg.

2.2. Experimental Method

2.2.1. Modal Testing
Experimental modal analysis is utilized to characterize the seat structural resonant frequencies and its corres-
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ponding mode shapes. Impact hammer test, which is a common method in modal testing, was used to extract the
seat structural resonances and mode shapes. The modal test setup consisted of a hammer (Rion PH-51), charge
amplifier (B & K 2786), three axial accelerometers, data logger (B & K 356°C) and Pulse 12 software. The seat
structure was suspended from bungee cords (elastic ropes) to allow the seat system to be nearly free in six axes.
Therefore, the seat modal characteristics were measured in the free-free boundary condition. The mounting of
the accelerometers to the different parts of the seat frame was done using adhesive wax [12]. To obtain proper
mode shapes, thirteen points of the seat frame were measured.

2.2.2. Noise Measurement

In order to measure the BSR noise, the seat is excited by single sine inputs with frequencies between 10 Hz to
60 Hz. Note that we have applied sweep sine inputs to the seat to tune the test frequencies. The generated noise
is measured at four points near right and left sides of the seat. The noise measurement system consisted of B &
K microphone (B & K 2669), electromagnetic shaker (B & K 4808), amplifier (B & K 2719), data logger (B &
K 356°C) and Pulse 12 software. During the experiment, background noise was retained below 36 dB (A) at the
running condition of the vibration shaker. The temperature and humidity were kept at 22.5°C and 35% respec-
tively. The test setup for noise measurement points at four selected points are illustrated in Figure 1.

3. Results
3.1. Simulation and Experimental Results

As already mentioned, to identify the seat rattle noise mechanism and its relation with the seat structure, it is re-
quired to characterize the seat structural dynamics. In addition to the experiment the model-based simulation re-
sults are also required for tuning and controlling the seat rattle noise. The seat structure exhibited two major tor-
sion and for-aft bending structural modes in low vibration frequencies (<50 Hz) where the structure has more
potential to be rattled. The two obtained mode shapes are illustrated in the Figure 2. As it is shown in Figure 2,
the results of the experiments and corresponding model-based simulation are consistent, so that both have exhib-
ited two torsion and for-aft shapes. Note that the experimental mode shapes are obtained from the thirteen
tri-axial accelerometers.

Following the comparison of the experiment and simulation results, the values of the resonant frequencies and
the values of MAC (modal Assurance Criteria) [19] have been compared (Table 1) between the experiment and
the simulation. Taking above-mentioned materials into consideration, the natural frequencies error percent (A%)
and MAC of the concept and advanced models are computed to validate the developed NVH concept model.
The MAC index between similar modes of two models is calculated by Equation (5), in which ®_. and ®_
are the Matrix of Eigen vectors for the experimental results and concept model, respectively, and superscript T
denotes the transpose of a vector and k shows mode number. The Eigen vectors are constructed by using main
structure nodes in the test and corresponding nodes in the concept model (total thirteen nodes).

Figure 1. Test setup and four selected points for measuring

the sound pressure level.



M. Tatari et al.

Q Torsion §

Simulation Test

g i | Bending 5

Figure 2. Seat structural dynamics: torsion modes (top) and
bending modes (bottom) from simulation (left) and experi-
ment (right) are similar.

Table 1. Comparison of the seat resonant frequencies and corresponding mode shapes between the experi-
ment and simulation.

Mode Number ~ Mode Nature Res. Freq. Experiments (Hz)  Res. Freg. Simulation (Hz)  Error (A)% MAC

1 Torsional 31 31.9 2.9 0.96

2 Fore-aft bending 48 47.2 1.6 91

(foe)] (@c},)

MAC, | = ®)

© {0k o), ook {0},

A MAC value equal to unity indicates a 100% similarity between the vibration mode shape obtained from the
simulation and that of obtained from the experiment. The MAC values, in the Table 1, for the two seat torsion
and fore-aft bending modes are found to be above 0.9 (Table 1), which indicates a good consistency between
the modes of the developed model and the test data. Comparison of the values of torsion and fore-aft bending
resonant frequencies indicate very low discrepancies (A < 3%).

To further validate the develop model, the inertance frequency Response Functions (FRF) are compared, be-
tween the test data and corresponding simulation data, when the seat is excited at one specified point on its
frame Figure 3. Note that, here, the inertance FRF indicates the FRF that its output is measured at input point or
its input and output points are same. The input and output are both measured at point “X” that is shown in Fig-
ure 3. The similarity between the FRF graphs from the test and simulation (Figure 3) further validates the de-
veloped model.

3.2. Noise Source Identification

The radiated sound pressure levels (SPL) are measured when the seat is under the excitation, at four points,
which has already been numbered 1 to 4 in Figure 1. The results show that when the excitation frequency ap-
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Figure 3. Comparison of the inertance FRF at point “X” between the simulation and experiment (b). The measurement
point “X” is also illustrated (a).

proaches to the seat torsion resonant frequency (31 Hz), the sub-components of the seat near the seat belt buckle
starts rattling. Accordingly, comparison of the SPLs measured by four microphones indicates that the micro-
phone #3, shown in Figure 1, received higher SPL than other three microphones. Figure 4 compares the SPLs
obtained from the four microphones when the seat is excited by a single sine input with 31 Hz frequency (equal
to the seat torsion resonance). As it is observed, the rattle causes higher noise level (here 70 dB SPL) mainly at
frequencies below 2500 Hz. Note that even the seat is excited by a single sine vibration, the rattle noise can be
occurred in a wide frequency range. Furthermore, the rattle noise is also functions of additional physical proper-
ties such as the contact surface and materials of the rattling parts [3].

By decreasing or increasing the excitation frequency from 31 Hz to 25 Hz or 35 Hz, the rattle noise is also
considerably decreased (Figure 5). In other words, a wide band rattle noise is seen when the seat is excited at its
resonance frequency. This confirms that the occurrence of the seat sub-components rattle is linked to the seat
resonant frequency, so that by changing the excitation frequency away from the seat structural resonance, the
rattle noise can be managed.

3.3. The Effects of the Seat Structure Optimization on the Rattle Noise

As it was seen, seat structural dynamic characteristics have large contributions to the seat rattle noise generation.
The rattle noise can be predicted and controlled in early design phase by analyzing and modifying the seat
structure. Generally, by changing the seat resonant frequencies away from the critical source vibrations such as
engine or road inputs, less vibration is transferred to the seat components and therefore the BSR noise can
largely be controlled in early design phase. For example, the automotive engine idling vibration transfers rela-
tively large amount of vibration into the seat at frequencies nearly below 30 Hz. Thus, it is sometimes a wise de-
cision, while we manage the seat resonances for the rattle noise, to keep the seat resonant frequencies e.g., above
the engine idling frequency band.

Here we have used two strategies to change the seat resonant frequencies and examine the changes of the seat
rattle noise. One strategy is based on increasing the stiffness of the structure and the other strategy is addition of
a lumped mass (called mass/damper) to the structure (Figure 6). For these purposes, we have first used the de-
veloped seat CAE concept model and changed the seat resonant frequency. The designed modifications are then
implemented in the physical model. Finally, the modifications effects are investigated on the rattle noise. The
modifications of the model are examined to demonstrate the effectiveness of the concept modeling and its ad-
vantages to improve and control the rattle or in general BSR noise in the early design phase.

For increasing the stiffness of a part of the seat structure in the model, we increased the young module of the
specified part (Figure 6) to change the torsion resonant frequency to 34.5 Hz. For modification of the structure
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Figure 4. SPL at four selected points when the seat excited at its 31
Hz resonant frequency.
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Figure 5. Comparison of the seat radiated SPLs with those of neigh-

bouring frequencies (25 Hz and 35 Hz) when excitation frequency is
equal to seat resonance frequency (31 Hz).
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Figure 6. Modifications of the seat CAE model for changing the resonant frequency by increasing the

stiffness (a) and addition of a mass/damper (b).
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by adding mass, we have added a 1 kg lumped mass on the specified (Figure 6) point of the structure. Having
used the proposed mass damper, the simulated seat torsion resonant frequency has decreased to 27.2 Hz. Com-
parison of the inertance FRF of the original seat CAE model with those of the modified models is shown in
Figure 7. The original torsion resonant frequency (first peak) is shifted in accordance with each modification
(Figure 7).

After confirming the sufficient effects of the modifications on the CAE model, the test seat is modified ac-
cordingly. For increasing the stiffness, we have welded a beam on the same part as it has done on the CAE
model. For modification by mass/damper, a 1 kg mass is also added fixed (bolted) on the seat. The shifts of the
torsion resonant frequency, due to the modifications, have become similar to the CAE model (Figure 8). The
original 31 Hz torsion resonant frequency, obtained from experiment, has changed to 33.2 Hz and 28.5 Hz for
modified seats (Figure 8).

Measurements of the original and the two modified seats radiated noises confirm that by controlling the seat
structural dynamics, the rattle noise can be managed accordingly (Figure 9). When the original and the two
modified seats have been excited with a 31 Hz sinusoidal input frequency, despite the original seat, the modified
seats have not exhibited any significant radiated rattle noise (Figure 9). In the frequency range from 500 up to
1500 Hz SPL is decreased nearly 10 dB (Figure 9).

40 |—oOriginal seat
—= Modified seat with M/Damper
30 Modified seat with stiffener
20
10
g \
S o . ~
8 T ——
< =
-10
-20
30 .
% 10 20 30 40 50 60 70
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Figure 7. Effectiveness of the seatback stiffener and mass damper on the
frequency shifting.
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Figure 8. Comparison of the original seat frequency response function
with modified seat (experimental results).



M. Tatari et al.

Excitation Freq. =31 Hz
80 T T T T

. M

—=— Original seat
--&- Modified seat with stiffener
Modified seat with M/Damper

-]
(=]

(2]
=]
FTTIL)

Sound Pressure Level [dB(A)]
-~
)

30 e ettt e e e e e e e e e e e S e e e e e -
20 e e 0 e 0 e e e et 0 518 5 o e 8 S 0 e 05 8 e B S B S B e e e 8 e 6 e e 0 6 e e e S S £ 6 4 S 818 0 0 -
) ]
o Il 1 1 1 1 1 Il
500 1000 1500 2000 2500 3000 3500 4000
Freq. [HZ]

Figure 9. Experiment results: comparison of the original seat (before modification)
radiated SPLs with those of modified seats when the seat excitation frequency is equal
to resonance frequency (31 Hz).

4. Conclusions

The vehicle seat is one of the major components that have potential to be a source of annoying rattle noise. A
possible analytical design method minimizes find-and-fix physical tests and provides an upfront solution for the
rattle noise. Some vehicle components such as door trims exhibit a wide range of critical frequencies with no
proper global mode shapes and their BSR may happen in a wide excitation frequency band. Nevertheless, the
vehicle seat structure has a robust structural dynamics with identifiable vibration resonances and mode shapes.
Accordingly, this paper demonstrated that controlling the seat structural dynamics is a robust upfront solution
for improving the seat rattle and, in general, the seat BSR. Two experiments were conducted for this study. The
first experiment was set up to characterize the seat resonant frequencies and its corresponding structural mode-
shapes. The second experiment was performed to measure the seat radiated noise when it goes under vibration
excitation. Alternatively, a CAE model of the seat was developed and the seat structural dynamics was charac-
terized using the CAE model. The concept modelling method was used for the CAE modelling of the seat struc-
ture. The model was developed to allow designing the seat-structure modifications as well as predicting the ef-
fects of the modifications on the rattle noise. Comparisons of the results of the simulation and experiment vali-
dated the developed CAE model. The seat structure exhibited two major torsion and for-aft bending structural
modes in low vibration frequencies (<50 Hz) where the structure has more potential to be rattled. The results of
the experiments and corresponding CAE model-based simulation were consistent, so that both have exhibited
two torsion and for-aft shapes.

The noise measurement results revealed that the seat generates high level of the rattle noise when the seat ex-
citation vibration is close to the seat structure torsion resonance (here 31 Hz). We have further confirmed that the
occurrence of the rattle noise is related to the seat structural dynamics and it can be controlled and managed by
modifying the structure. Two modifications were designed using the seat CAE model. One modification was de-
signed for increasing the seat torsion resonance nearly 4 Hz, and a second modification was done for decreasing
the seat torsion resonance nearly 4 Hz. The designed modifications were then applied on the test seat and the
rattle noise is measured on the two modified seats. The results confirmed that by changing the seat resonant fre-
quency, the rattle noise can be changed accordingly. Consequently, for the seat system which has an identifiable
structural dynamics, the rattle noise can be managed and controlled in early design phase using the seat CAE
model.

Early phase modifications of the seat structure for controlling the seat rattle noise or, in general, the seat BSR
noise are more robust than find-and-fix tuning of the joints or contact points associated with BSR. The modifi-
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cations of the structures, for improving the BSR, manage the seat resonances and therefore transfer less vibra-
tion into the sub-components with potential for rattling. Moreover, the upfront knowledge about the seat vibra-
tion mode shapes, which contributes to the BSR noise, also assists to improve and optimize the locations of the
joints associated with BSR.
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