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In this study, the components of a particular heavy commercial truck that affect the steering wheel vibration are
identified and the most common sources of this vibration are examined. Then, modal analyses and impact hammer
tests are implemented to determine the root causes of the vibration. Finally, finite element modeling is applied,
and all the results of the analyses are compared to present design improvement recommendations for the reduction
in steering wheel vibration, which can be applicable in new projects.

1. INTRODUCTION

Steering wheel vibration is one of the greatest contribut-
ing factors to noise, vibration, and harshness (NVH) problems
in automotive engineering since it directly affects the driver’s
comfort. This vibration has been a serious problem, especially
for long distance drivers such as heavy commercial vehicle
drivers due to their long exposure periods. The main objectives
of this study are to develop a good understanding of potential
sources of steering wheel vibration, obtain both the modal fre-
quencies and parameters of the steering wheel of a particular
heavy commercial vehicle model program code named HXXX
(the XXX placeholder is used to preserve the privacy of the
product) by use of finite element vibration analysis, the modal
impact hammer test, and correlation of steering wheel model.
The purpose of this study is also to investigate the root causes
of steering wheel vibration in the heavy commercial vehicle
and to validate computer-aided engineering (CAE) models of
the steering wheel and trimmed body with the results of ex-
perimental modal analyses performed on the steering wheel
and column. Once the correlation between the finite element
analysis (FEA) and test results is established, several design
change iterations and their effects on the dynamic behavior of
the steering system can be observed without performing fur-
ther tests.

Steering wheel vibration is affected by various internal and
external vibrational sources. The internal sources are the ro-
tational irregularity of the engine which is caused by both
the stochastic combustion forces and the dynamic unbalance
of components such as the translating pistons. The external
sources include the road surface irregularities and the aerody-
namic forces. For both the internal and external sources the vi-
bration which reaches the driver is moderated by the dynamic
response of the automobile chassis components. There are
many factors that may cause the vibration in idle including the
vibrational excitation sources, such as the engine and engine
mounts; the transmission channels, such as the body structure,
suspension, and the steering wheel itself. Thus, identifying
the source of the vibration becomes a very complex problem.

Therefore, a procedure had been applied to identify this vi-
bration phenomenon and to search alternatives to decrease or
eliminate it. To identify the problem, a series of tests had been
performed.

During the development phase of the truck which is un-
der consideration, numerous tests and analyses had been per-
formed to determine the main cause of the vibration. In conse-
quence of these studies, improvement was achieved in vibra-
tion levels, but it was not eliminated to a negligible level. In
this paper, detailed analyses were carried out to see the char-
acteristics of the source and response system and CAE model
correlation study as one of the most important factors as an
initial step for design improvement has been carried out.

There have been several detailed studies regarding the
sources of methods followed to detect the causes of and ways
to improve steering wheel vibration. Analysis and experiments
have been conducted to understand the main causes of steering
wheel vibration and possible solutions that could help mini-
mize it. Several improvement methods have been implemented
as well.

Szczotka' developed a simplified planar model of a pas-
senger car steering system and applied nonlinear optimization
methods to select parameters to minimize steering wheel vi-
brations.

Kim et al.> conducted a study on shudder vibration of a
hydraulic power steering system during parking maneuvers by
numerical and experimental methods. A CAE model for steer-
ing wheel vibration analysis was developed and compared with
measured data.

According to Mangun,’ excessive torsional vibrations in the
steering system are mainly caused by a nonuniform tire/wheel
assembly producing periodic force variations. A parameter
sensitivity study was performed and showed that appropriate
tuning of the inertial and frictional properties of the steering
system and suspension parameters substantially decreased the
transmission of these vibrations.

Sugiyama et al.* presented a new control strategy for elec-
tric power steering that they developed to reduce the steering
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vibration associated with disturbance from the road wheels.

Zhang et al.’> investigated steering wheel vibration caused
by brake judder. Tests were conducted under controlled brak-
ing conditions, and modeling and simulations were carried out
to both reproduce and explain the results of vehicle road tests
and brake dynamometer tests.

Matsunaga et al.° constructed a mathematical model for
a hydraulic power steering system and performed numerical
analysis for self-excited vibration caused by rapid steering in
the system.

Wang et al.” used vibration tests and modal analysis meth-
ods to determine the cause of steering wheel idle shaking. The
steering wheel’s operating modal was close to the engine’s
second-order excitation frequency, which caused the steering
wheel to shake at idle.

Demers® developed a methodology for the diagnosis of
steering wheel vibrations and investigated the possible sources
of these vibrations and how various steering system parameters
might affect them.

Kim et al.>!® discussed the vibration characteristics of
the steering wheels in front-drive small-sized passenger cars.
Measurements of the vertical and lateral accelerations at the
steering wheel were taken from a small-sized passenger car on
a typical road. The effects of engine vibration, road excitation
and structural system characteristics were identified by exper-
imental and analytical methods.

Botti et al.'! developed an approach for optimizing the in-
stabilities of the power steering systems of passenger cars at an
early design stage by using specialized computer simulations.

Su et al.'> investigated vibration problems in a midsized
passenger car under idle conditions by testing and analysis.
The root of the severe vibration of the steering wheel under idle
conditions was that the steering wheel first-order natural fre-
quency was too close to the engine’s second-order frequency.

Slave et al.'* used CAE models that were validated by ex-
perimental measurements to identify the modes of vibration in
the cab of a truck and vehicles that have a significant influence
on the steering column response.

Chen et al.'* created a model of a steering system based on
the finite element method (FEM) to understand the vibration
characteristics of the system. Twenty step modes of the system
were calculated and analyzed by modal analysis.

Guo et al.!> applied the three-dimensional FEM to a steering
wheel and conducted finite element (FE) static and dynamic
analyses to validate the dynamic characteristics and strength
of the associated steering system.

Gao and Wang'® built a three-dimensional model of an au-
tomobile electric power steering system. The structure design
and dynamic characteristic optimization of the model were re-
searched, and based on natural frequency analysis, several de-
sign improvement schemes were proposed to avoid overlap
of the system natural frequency and the engine excitation fre-
quencies at idling speed.

Bianchini'” described an approach to implement a cost-
effective active vibration control system applied to a steering
column. He designed an active control system to eliminate the
transmission of vibrations from the idling engine to the steer-
ing wheel.

Landreau and Gillet'® analyzed steering wheel vibration
through testing and numerical modal analysis in their study.
A dynamic mode was identified to be responsible for the sen-
sitivity of the vehicle.

Zhang and Dong!’ built a steering mechanism simulation
model and performed dynamic simulation analysis using the
multibody system dynamic method. A flexible tie-rod model
and a rigid-flexible coupling steering mechanism model were
built, and the corresponding natural modes were obtained by
ANSYS.

Othman?® noted that the major cause of steering wheel vi-
bration is engine vibration but that the vibration level is dif-
ferent for every steering wheel model depending on its shape,
design, weight, material and size.

Shim and Shin?! presented a design process for a high-
stiffness steering system using lightweight magnesium alloy,
and the results provided an improvement of approximately
10 dB.

Kim and Choi?? presented an optimal design process for a
steering column system and the supporting system. Case stud-
ies regarding resonance isolation were summarized, in which
vibration modes were separated among systems by applying a
mode map at the initial stage of the design process.

Abreu and Moura?? used techniques such as mechanical vi-
bration analysis, operational modal analysis, and the opera-
tional deflection shape to identify the root cause of increased
levels of vibration at idle speed in the prototype of a popular
vehicle.

Britto et al.?* discussed the methodology of steering assem-
bly development to improve the NVH performance of com-
mercial vehicles. This study dealt with steering wheel target
setting and cascading to the system, subsystem and compo-
nent level targets and achieving these targets by a collaborative
test-CAE approach.

Fujiwara and Nakayasu®> analyzed vibration phenomena in
the steering system of a vehicle when the front wheels had cer-
tain amounts of unbalance. The influences acting on the rota-
tional vibration at the steering wheel end were determined by
varying each factor in the vibration system by actual running
tests.

Sugita and Asai’® described an experimental method for
the reduction in steering wheel vibration occurring at high-
speed cruising and/or engine idling. Reduction was found to
be achieved by increasing the resonant frequency of the steer-
ing system, including the steering wheel, steering column, and
support members.

Kim and Choi?? studied several steering wheel vibration
problems, and detailed analysis was carried out to determine
the characteristics of the source and response systems. A dual-
mode steering wheel dynamic damper was developed to con-
trol shake and shimmy problem:s.

Shi et al.?” investigated the cause of steering wheel idle
shaking through vibration tests and modal analysis methods.
The steering system’s operational modal was close to the 2nd-
order excitation frequency of the engine, and the steering
wheel resonated.

Xie et al.?® proposed test and simulation integrated trans-
fer path analyses and optimization methods to decrease steer-
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ing wheel vibration in idle mode. First, the contributors to
the vibration were studied, including the vibrational excita-
tion sources, transmission channels, and steering wheel itself.
Then, a series of improvements were carried out, including
lowering the engine idle speed when the AC is on, tuning the
engine mounts to decrease the engine vibration, and improv-
ing the body structure and the support brackets of the steering
column.

Giacomin et al.” investigated the human perception of rota-
tional hand-arm vibration by means of a test rig consisting of a
rigid frame, electrodynamic shaker unit, rigid steering wheel,
shaft assembly, bearings and automobile seat.

According to Ereke,* in the process of developing less sen-
sitive axle and steering wheel systems, subjective assessment
of the driver’s perception of the vibration should be a concern
in addition to endeavors to reduce the acceleration values.

Jeon?! performed experiments to quantify the human sub-
jective response to automotive steering wheel vibration and
used the findings to define a test method for automotive steer-
ing wheel hand-arm vibration.

He et al.®? studied the intrinsic characteristics and vibra-
tion isolation performances of the powertrain suspension sys-
tem aiming at solving the problem of a certain type of com-
mercial vehicle’s steering wheel with strong idle jitter at the
idle state. As the conclusion, the effectiveness and feasibility
of the optimization algorithm to solve the problem of the ve-
hicle’s steering wheel jitter at idle states were verified through
a test using multiple acceleration sensors, which has practical
values in the engineering field.

He et al.** also conducted a high-speed vibration frequency
sweep experiment on an unladen commercial vehicle to de-
termine the resonance frequency of the vehicle components.
A vibration waterfall plot of the collected vibration data re-
vealed that the cause of the vibration was frequency coupling
resonance between the steering wheel vibration frequency and
the second-order rotation frequency of the tire. Thus, a com-
bined optimization of the structure of the rigid bearing parts
of the steering fixed support and the steering column struc-
ture was proposed. A combination of finite-element analysis
and modal testing method was undertaken to verify the effec-
tiveness of the proposed combined structural improvement; the
results demonstrated the consistency of the combined methods
and showed that the natural frequency of the improved steering
structures, together with the vibration amplitude, had changed.
This study demonstrated the feasibility of the combined modal
testing and finite-element analysis method, provided more in-
formation on the vibration transfer characteristics related to the
vehicle subsystems, and provided a reference for the structural
design of steering systems with reduced vibration.

Peng** adopted GA-BPNN algorithm to optimize the top
two order frequencies of steering systems. Firstly, the study
established the multi-body dynamics model of the steering sys-
tem and obtained the random spectrum of 4 wheels through
mathematical model. Then, vibration accelerations of the
steering wheel at different positions were extracted through the
multi-body dynamics model of steering system. The finite ele-
ment model of steering system was established to compute the
vibration acceleration, and it was compared with the experi-

mental result. Finally, GA-BPNN algorithm was proposed to
optimize the structural thickness of key parts on the steering
system, and the optimized result was then compared with that
of BPNN and PSO-BPNN.

He et al.» presented a multi-point iterative analysis method
(MIAM) in their study. Considering the structural characteris-
tics of the modal deformation of the car body, the installation
orientation of the measuring point is further adjusted according
to the area formed by modal deformation nodes, and a simpli-
fied vibration transfer path is presented.

Sangeeta et al.*® aimed to perform design optimization of
a steering rod to nullify its function-ability issues related with
stresses, deformation, vibrations, etc. This suggests an alterna-
tive way for nullifying problems and to minimize the cost by
saving the material.

Pattathil et al.>’ introduced dynamic steering wobble anal-

ysis methodology either using vehicle speed at Discrete (indi-
vidual speeds) or by the Sweep (low to high speed) method
to investigate steering wobble in the virtual environment using
the full vehicle MBD model. It is also suggested that prior to
wobble analysis, vehicle level modal analysis should be exe-
cuted to locate and separate different coupling modes and its
shapes in working resonance bandwidth of system.
Sendur et al.®® examined the root cause and lays-out the
improvement steps of excessive steering wheel vibration on a
heavy truck. The transmissibility of powertrain idle vibration
to cabin is investigated with respect to powertrain roll mode
and modal alignment of the steering system is considered.

Fridman et al.*° proposed a method for automated synchro-
nization of vehicle sensors useful for the study of multi-modal
driver behavior and for the design of advanced driver assis-
tance systems. Cross-correlation of accelerometer, telemetry,
audio, and dense optical flow from three video sensors was
used to achieve an average synchronization error of 13 mil-
liseconds. The insight underlying the effectiveness of the pro-
posed approach is that the described sensors capture overlap-
ping aspects of vehicle vibrations and vehicle steering allow-
ing the cross-correlation function to serve to compute the delay
shift in each sensor.

Prashanth et al.*? aimed to study the vibration of the steering
assembly of a commercial vehicle and to establish a simplified
mathematical model to represent the harmonics involved in the
vibrating system. The work attempted to study the correla-
tion of steering assembly vibrations between an existing com-
mercial vehicle and optimized steering assembly. The study
also tried to present a basic mathematical model to which will
help in understanding the various design and material condi-
tions/constraints involved in designing of a steering wheel as-
sembly and establishes a worst-case criteria for developing the
mathematical model.

Reddy*' conducted a guidance vibration learn on quite a
lot of tractor models (40-50 kW variety) and one tractor was
recognized for growth. Upon targeted analysis on that desig-
nated tractor, it used to be found that the resonance of steer-
age process with engine excitation is the foundation purpose
for excessive vibration. In the study, two ideas had been se-
lected, specifically radial damper and axial damper ideas for
additional processing. These new design standards had been
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modeled as a 2 degree of freedom (2-DOF) procedure with
aid movement from engine vibration as enter. Expressions
have been derived for vibration transmissibility from engine
to guidance wheel and coded in MATLAB. A simulation used
to be carried out in ADAMS program. It was once observed
that steerage vibration anticipated by the mathematical model
matched well with the measured values.

Shelke and Dhale*> managed investigation of vibration re-
lated issues in the controlling wheel of a tractor. A steering
vibration study conducted on power trac 439 DS. Tuned mass
damper idea is utilized for vibration decrease. Various damp-
ing materials are tried for vibration lessening and analysis is
done in MATLAB Simulink with two degree of freedom model

with base excitation.

Velmurgan et al.*} aimed to find out the vibrational analysis

for different car steering for different road profiles. Another
one of their aims was to both collect the vibrational values and
to know the vibration of the steering in different road condi-
tions.

Ye et al.** proposed a systematic analysis methodology to
reduce the low-frequency vibration of steering wheel using
classical transfer path analysis (CTPA) in their study. The the-
oretical basics of TPA using dynamic stiffness approach and
inverse matrix approach were briefly introduced, and then the
experimental apparatus and analysis procedures in perform-
ing the TPA were introduced. The static forces in the rub-
ber mounts of the powertrain system were calculated, the dy-
namic stiffness of the rubber mounts were estimated, and the
operational forces were determined. The contributions of dif-
ferent transfer paths to the vibration of steering wheel were
analyzed and compared, and the predominant causes are iden-
tified. The results show that the vibration of steering wheel
along the X direction is protruded at the engine ignition fre-
quency, and the vibration of the exhaust system along the X
direction contributes most to the vibration because of large fre-
quency response function.

In general, a steering system is designed to enable the driver
to control the path traveled by a vehicle. The steering sys-
tem must give the operator some form of feedback that allows
him/her to feel an approximation of the load condition that the
vehicle tires are experiencing. This feedback is very important
for allowing the driver to easily control the direction of travel.
The CAE model of the vehicle that was investigated is shown
in Fig. 1.

The main components of the steering system of a truck are
steering wheel, steering column, steering gear, and steering
linkages including Pitman arm, drag link that move the steer-
ing tires. The steering wheel is the instrument used by the
driver to control the directional tracking of the vehicle. There-
fore, steering wheel is the primary input to the steering system.
The steering wheel used on a truck supported by spokes extend
from the wheel hub, which turns on a bushing or bearing at the
top of the steering column. The steering column connects the
steering wheel to the steering gear. The main function of steer-
ing column is to transfer the rotational moment from the steer-
ing wheel to the steering gears. The steering column is usually
sectional (retractable) and designed to collapse in the event of
a collision. The typical vehicle requires about three complete

Steering Wheel

Steering
Column

U-Joint

Steering
Shaft

Air Safety
‘[@-ﬁl Valve

Steering

Pitman

Steerin
Arm 9

Knuckle

Drag Link

Figure 1. HXXX CAE model.

revolutions of the steering wheel to rotate front wheels from
full left to full right. The steering wheel is bolted to splined
steering shaft in the steering column. The steering column con-
sists of the jacket tube called as steering housing fixed to the
body and steering shaft (also called steering tube). The major
components of the steering column assembly are tube, bearing
assemblies, a steering column shaft and wiring and the contact
assemblies for the electric horn. The steering column assem-
bly is mounted to the dash steering column bracket by support
brackets located under the cover housing. Coupled to the steer-
ing column upper shaft by a pair of yokes and the U-joint as-
sembly is the lower shaft assembly. The U-joint permits some
angular deviation between the upper and lower column shafts.
The lower column assembly connects to the steering gear. A
Pitman arm is a steel lever, splined to the sector (output) shaft
of the steering gear. The end of the Pitman arm moves through
an arc with the sector shaft center forming its center. The Pit-
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man arm functions to change the rotary motion of the steering
gear sector shaft into linear motion. A drag link is a forged rod
that connects the Pitman arm to the steering control arm. The
drag link can be a one- or two-piece component. The length
of two-piece design is adjustable, which makes it easy to cen-
ter the steering gear with the wheels straight ahead. The drag
link is connected at each end by ball joints. These ball joints
help isolate the steering gear and Pitman arm from axle mo-
tion. The steering control arm connects the drag link to the
steering knuckle on the driver side of the vehicle. When the
drag link is moved in a linear direction, the steering control
arm moves the steering knuckle, which changes the angle of
the steering knuckle spindle. Steering knuckles mount to the
rigid front axle beam by means of steel pins known as king-
pins. They provide the ability for the pivoting action required
to steer the vehicle. The steering knuckle incorporates the spin-
dle onto which wheel bearings and wheel hubs are mounted,
plus a flange to which the brake spider is bolted. A steering
control arm is attached to the upper portion of the left side
steering knuckle and tie-rod arms are attached to both left and
right steering knuckles. Tie-rod arm is the means used to trans-
fer and synchronize steering action on both steer wheels on a
steering axle. The steering arm or lever controls the move-
ment of the driver side steering knuckle because it connects di-
rectly to it. The steering knuckles are required to be connected
to each other so that they act in unison to steer the vehicle.
Transferring this steering motion to the passenger side steering
knuckle is achieved by using a tie-rod or cross tube assembly.
Axle beam steering system consists of a steering wheel, which
imparts motion to the steering box. This conveys the steering
effort through the Pitman arm and drag link directly to one of
the two stub axles pivoting at the ends of the axle beam. A
track rod joins both the stub axles together. The steering box
provides a gear reduction so that, with only a small effort, a
much larger force can be applied to the steering linkage. At the
same time, the degree of stub axle movement will be reduced
for a given angular movement of the steering wheel. This is
desirable as it prevents the steering being oversensitive to the
drivers touch on the wheel. With the rigid beam suspension, a
stub axle is pivoted at each end of the axle beam so that rel-
ative movement can take place only in the horizontal plane.
Therefore, the effective track rod length is not influenced by
any vertical suspension deflection. The cab and the chassis of
HXXX are 2.5 m width x 3.9 m height x 2.3 m length.

The vibration phenomena generated in a vehicle steering
system can be classified as forced vibrations such as flutter and
kickback and self-excited vibrations such as shimmy. Flutter
is a stationary vibration generated by a periodic external force
due to an unbalanced front wheel, etc., while kickback is tran-
sient vibration generated by an external force due to uneven-
ness of the road, etc. Shimmy, on the other hand, is vibration
generated by dynamic characteristics of the tire, etc. In the pro-
cess of HXXX development, excessive vibration of the steer-
ing wheel for idle conditions was identified during subjective
evaluation phase drives. There are many factors that may cause
vibration at idle, including vibrational excitation sources, such
as the engine and engine mounts, and the transmission chan-
nels, such as the body structure, suspension and steering wheel

itself. Thus, identifying the source of the vibration is a very
complex problem. Therefore, a procedure was applied to iden-
tify this vibration phenomenon and to explore alternatives to
decrease or eliminate it. To identify the problem, a series of
tests was performed.

2. EXPERIMENTAL MODAL  ANALYSIS
(EMA) OF THE HXXX STEERING WHEEL

To obtain the modal parameters of the steering wheel and
steering column, two modal tests were performed on HXXX
with an impact hammer. The first test was performed on the
steering wheel as mounted to the cab, and the second test was
performed on the steering wheel as detached from the cab
(free-free conditions). The aim of performing modal analy-
sis on the steering wheel free-free conditions was to use the
test results to correlate the CAE model of the steering wheel.
The modal analysis measurements were taken using a Siemens
LMS SCADAS multichannel analyzer system. Four Briiel &
Kjer model 4506B Triaxial (100 mV/g sensitivity) accelerom-
eters, two different sized PCB Piezotronics impulse force ham-
mers with soft plastic brown tip (0.23 mV/N sensitivity), a
Siemens LMS Test Lab 13A SL1 for data acquisition and pro-
cessor software were used for the modal impact testing. The
prototype vehicle was updated with the latest level parts. An
old L-shaped bracket was removed, and the proposed steer-
ing column cross-car beam connection reinforcements were at-
tached before the test. Two hammers were used in the tests
since the hammer used for the detached steering wheel test
(referred to as hammer #2 hereafter) was not sufficient to ex-
cite the accelerometers that were placed on the steering col-
umn and mounting bracket while performing the test when the
steering wheel was attached to the vehicle. The measurements
for the modal analysis were performed using an LMS multi-
analyzer system. LMS Test Lab Structures, a dedicated appli-
cation software package, was used for the measurements and
data validation. LMS Test Lab Structures Impact Testing and
Modal Analysis modules were used to support the generation
and import of geometry, definition of measurement sequences
on the various points and directions (DOFs), and subsequent
transfer/export of DOF-labeled measurement data.

Eight accelerometer holders were placed on the steering
wheel, and two accelerometer holders were placed on the
steering column on mounting clips that were fastened to the
measurement locations with glue. Since there were four ac-
celerometers, the test was completed in three turns. Measure-
ments taken from points 1, 2, 3, 4 firstly, then the accelerom-
eters were removed and mounted to points 5, 6, 7 and 8 in the
second turn, and same process as repeated for points 9 and 10.

The aim of the measurements was to determine the lower
modes considering idle frequency; thus, the 0-160 Hz fre-
quency range was of interest (a frequency range of 0-320 Hz
was set in the LMS software to obtain reliable results in the
frequency range of interest and avoid damping effects on the
results). The accelerometers on the steering wheel were po-
sitioned at twelve o’clock (top of the wheel), the spoke and
wheel intersections, the points between the spokes and the top
of the wheel (one at ten o’clock and one at two o’clock) and
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Figure 3. Accelerometers #9 and #10 located on the steering column.

the center of the hub. Two accelerometers were placed on the
steering column. The accelerometer locations are shown in
Figs. 2-4.

An impact was applied to the steering wheel rim 3 o’clock
position, point 1, and measurements were taken from points
1 to 10. The impact was applied perpendicular (in the direc-
tion of Z) and horizontal (in the direction of Y) to the steering
wheel rim, as shown in Fig. 4a and 4b, respectively. Since there
were 4 accelerometers, measurements were taken from points
1, 2, 3, and 4 first; then, the accelerometers were removed and
mounted to points 5, 6, 7 and 8 for the second turn, and the
same process was repeated for points 9 and 10. The steering
wheel was detached from the test vehicle, tied to a flexible line
and suspended to isolate the test object from the environment
and achieve free-free boundary conditions, as shown in Fig. 5.
The main objective in performing the steering wheel free-free
test was to use the test results for correlation with the steering
wheel FE model.

A force was applied to Point 1 (the 3 o’clock position) with

Figure 4. Accelerometer positioning on the steering wheel, Point 1 (excita-
tion point).

Figure 5. Impact and measurement points on the steering wheel.

the smaller impact hammer to excite the steering wheel. Forces
were applied to the —X and +Y directions. There were eight
measurement points on the steering wheel: 1 accelerometer
on the top of the rim (12 o’clock), 4 accelerometers on the
spoke and rim intersections, 2 accelerometers on the unsup-
ported section of the rim that is between the top of the rim and
the spokes (approximately 3 o’clock and 10 o’clock) and 1 ac-
celerometer just below the wheel hub. Frequency responses in
the range of 0-320 Hz were of interest; thus, a frequency range
of 0-640 Hz was set in the LMS software to avoid damping ef-
fects on the frequency responses.

The accuracies of the results were checked by tracking the
resultant diagrams (Fig. 6), mainly the coherence diagram, dur-
ing the test after each measurement.

Checking the diagrams obtained from the measurements en-
sured the following:

* The frequency response functions have peaks at the fre-
quencies corresponding to the natural frequencies of the
test objects.

* Between two natural frequencies (peaks), there is an an-
tiresonance point that appears as an inverse peak in the
diagram.

* In the coherence diagram, there are breakdowns that cor-
respond to antiresonance regions.

¢ For all the regions except the antiresonance regions, the
coherence function is equal to 1.

The natural frequencies and modal shapes of the steering
wheel and column were obtained from the frequency response
function stabilization diagrams. The first three modes of the
steering wheel are given in Table 1.

3. FE MODAL ANALYSIS OF THE HXXX
STEERING WHEEL AND COLUMN

For dynamic structural analysis, the FE model of the cab
of HXXX with all the components was used. A three-
dimensional model of the cab and steering system was built
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Figure 7. Full CAE model.

Figure 6. Frequency response function (accelerance) and coherence function
diagram.

Table 1. Steering wheel modes.

On Vehicle | Free — Free
1st mode 279 Hz 96.3 Hz
2nd mode | 29.4 Hz 126.5 Hz
3rd mode 31.6 Hz 150.2 Hz

using CATIA VS5 software, exported in STP format, and im-
ported into ANSA software as shown in Fig. 7. ANSA and
HETA, the pre- and postprocessing packages of BETA CAE
Systems, were used for modeling and postprocessing, respec-
tively. Before building the FE model, the free surface of the
model was checked to ensure that all the surfaces were closed.
FEA was performed using NASTRAN.

The CAE model of the trimmed body was generated in
ANSA. The trimmed body structure represented a vehicle
without the chassis (frame, suspension, brakes) and power-
train subsystems. When all the closures (door, hood, and
decklid) and other subsystems (steering column and seats) and
trim items (carpeting, etc.) were removed from the trimmed
body, the resulting structure is called the “body-in-prime”
(BIP, or “body-in-white” with glass). An FE trimmed body
model was created by “trimming up” a BIP model with sys-
tem models such as closures, seats, instrumental panel (IP)
assembly (including the steering column, steering wheel, and
cross-car beam), bolted-on subframes, and nonstructural trim
items (heater module, carpets, etc.). The BIP and trimmed
body played an important role in determining the dynamic
characteristics of the vehicle. The trimmed body FEM model
consisted of 1311966 shell elements in total (959924 quads,

Figure 8. Steering wheel FE model.

352042 trias) and 1272711 volume elements in total (1233609
tetras, 1674 pentas and 37428 hexas). The meshing parame-
ters and quality criteria were imported into ANSA to ensure
that the generated mesh fulfilled the prescribed quality criteria.
The steering wheel assembly consisted of an armature and rim,
urethane cover, airbag bracket, airbag, spoke cover and stub
shaft. The stub shaft and air bag bracket were not included in
the model since the steering wheel tested had no stub shaft or
air bag bracket during testing. The HXXX steering wheel FE
model consists of 34891 shells and 130656 solid elements, as
shown in Fig. 8.

The armature was modeled with a rim (as on casting parts)
and a polyurethane covering of the rim and spokes, and the ar-
mature was modeled with 3D CTETRA elements with an av-
erage element size of 3,0 mm. On the top of the solid mesh,
2D CTRIAS3 shell elements with a thickness of 0.05 mm were
used. Common grids between the steering wheel and wrapping
foams and RBE2 for rigid connections such as bolts or screws
were used. Important features such as beads and ribs and all
holes with diameters equal to or greater than 5 mm were in-
cluded in the model. The model quality is considered accept-
able when it meets the general FE mesh quality requirements.

The steering wheel assembly was constrained by hanging
from the rim by a single point constraint to restrict the z-
translation direction from the same point (1 o’clock) from
which the steering wheel was hung during modal testing.

Aluminum material properties were assigned to the arma-
ture. Polyurethane material properties were assigned to the rim
and hub cover. The total mass of the steering wheel assembly
was 3.4 kg, the exact weight of the steering wheel measured
during the test.

FEA was performed initially on the trimmed body to obtain
the steering wheel and column modes. Several modifications
and improvements were performed on the model, such as the
deletion of the L-shaped brackets and the addition of two rein-
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Figure 9. Mode shapes of the steering wheel and column.

forcement brackets instead, the addition of the steering lower
shaft model and steering wheel model modification to obtain
better correlation with the EMA. Additionally, FEA was per-
formed on only the steering wheel before and after the steering
wheel model improvements. Improvements were made in the
steering wheel model with the help of the modal test results
performed on the steering wheel assembly in free-free condi-
tions. Iterations were continued until the modal frequencies of
the steering wheel converged to the test results. Additionally,
FEA was performed again with several iterations, such as the
addition of bolts that were proposed to improve the steering
wheel vibration.

The trimmed body FE model was submitted to the super-
computer, and FEA was performed in NASTRAN by applying
free-free boundary conditions. Bolts were removed from the
trimmed body model for the first analysis. A second analysis
was performed with the bolts added to the model to estimate
the change in the modal behavior of the steering system with
the proposed bolts that restrict z-movement of the steering col-
umn assembly. The output file was processed through Meta-
Post. There were seven rigid body modes; the first six modes
were rigid body modes of the steering wheel, and the seventh
mode was rotation of the steering column about its local axis.
For the trimmed body, there was an additional steering wheel
nimble mode that was very close to 0 Hz (usually approxi-
mately 0.2 Hz). Additional rigid body modes were usually an
indication of unconnected or misconnected parts.

To obtain the steering wheel and column modes, measure-
ment nodes were defined on the display model. Nodes around
the region where measurements were taken during the modal
test on the steering wheel and column were chosen on the
model, and the response frequencies were collected.

According to the FEA results, the first mode (vertical col-
umn mode) is correlated with the test results. However, the
correlation between the FEA and the test results was lower
with the following modes. The FE model of the trimmed body
consists of a great number of parts, material assumptions, shell
modeling of thin parts, shell thickness estimations and con-
tact point assumptions, and these factors can contribute to di-
vergent results. All the assumptions that were made for the
material properties, shell thickness values, and contact points
must be rechecked and updated if required. Compared with the

Figure 10. Mode shapes of the steering wheel.

Table 2. Comparison of experimental and FE modal analyses.

Steering Wheel | EMA FEA Discrepancy (%)
Free - Free (FEA - EMA)/EMA
1st Mode 96.3 Hz 96.6 Hz 0.31

2nd Mode 126.5Hz | 141.3Hz | 11.70

3rd Mode 150.2Hz | 173.5Hz | 15.51

Steering Wheel | EMA FEA Discrepancy (%)
and Column (FEA - EMA)/EMA
Ist Mode 25.5Hz 26.5 Hz 3.92

2nd Mode 27.8 Hz 355Hz 27.70

3rd Mode 53.6 Hz 64.0 Hz 19.40

results before the steering column and reinforcement bracket
change, the vertical column mode is higher with the introduced
bolts and brackets. The first mode of the steering column is still
very close to the engine idle firing frequency. The first mode
(vertical column mode) must be increased to achieve the target
setting (35 Hz).

Normal mode analysis of the steering wheel assembly was
performed in NASTRAN from O to 320 Hz with the DOF
123456 unconstrained (free-free boundary conditions). The
first six modes were the steering wheel rigid body modes. The
modal frequencies of the steering wheel assembly were ob-
tained from the frequency — mode chart given in Table 2. The
mode shapes are shown in Figs. 9 and 10.

The FE model of the steering wheel was improved before
the analysis since the analysis results before the model modi-
fication were not correlated with the test results. The rim and
hub cover models were added to the previous model.

4. CONCLUSIONS

In this study, EMA and FEA are performed on the steering
wheel and column of HXXX. According to the FEA results
performed on the free-free steering wheel, the first mode of the
steering wheel is highly correlated with the test results. Cor-
relation between the experimental and FEA results is achieved
by steering wheel CAE model improvements. The second and
third modes of the steering wheel are still not correlated with
the EMA results. Although there are few geometric simplifica-
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tions applied to the CAE model, the material property assump-
tions (especially considering that the exact material properties
of the steering wheel rim are unknown), the shell meshing of
thin components, the estimation of shell thicknesses and the
contact point assumptions may have led to uncorrelated results.

According to the EMA results, the vertical mode of the
steering column was 27.8 Hz, which is still very close to the
engine idle firing order frequency. Before the column modifi-
cation, the vertical mode of the steering column is 23.4 Hz. An
increase in 4.4 Hz is achieved, but the target is above 35 Hz, so
design optimization must be performed on the proposed brack-
ets. The steering column holder bracket must be extended as
much as possible in the vertical axis to increase the first mode
of the steering column to restrict the vertical motion.

The implementation of the proposed bolts is verified by test-
ing and FEA. The experiments and analysis were performed
with and without the bolts. Comparisons of the measured and
predicted results indicated that the bolts increased the steering
column vertical mode by approximately 2.4 Hz.
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