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Modal optimization: A steering knuckle case study
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Abstract. A natural frequency optimization of a steering knuckle was performed. It must be strong to
support the loads from the road as all the car weight and reactions, in addition to this, it must be designed to
prevent resonances with the components around i iftprovements developed for automotive
components are evaluated as itself as well as the interaction as a subsystem as well as its interaction in the
whole vehicle. We aimed to prevent squeal noise and uncomfortable vibrations between 1 and 3 kHz
throughoptimizing the resonant frequencies of Steering Knuckle and its effect on the components around it
as track control arm and disc brake. Optimization was performed modifying the geometry prior to modify
the mold. Finite element modal simulations were peréal using Ansa, Optistruct and HyperView V14
software. These optimizations were validated with an experimental test using-dirttessional scanning
vibrometer. Results showed that modal optimization can be performed with virtual tools obtaining reliable
results
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1. Introduction

The dynamic of a vehicleorresponddo its translational degree of freedom. Longitudinal
dynamicincludesacceleration and braking, taking into consideration all of the forces related to
driving. Lateral dynamic refers to forces that affect lateral stability. Vertical dynamic includes
vertical forces that are tuned through springs and damperssfipand Ersoy 2011). This tuning
depends on the stiffness of various components contributing to the dynamic response of a vehicle.

The stiffness contributes to the dynamic response of a vehideving conditions but also
contributes in the riding comfort. In driving conditions, different sources induce vibrations to the
brake and suspensions systems and in occasions, such induced vibration excites a suspension or
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Fig. 1 Suspensiosubassembly. (a) Steering knuckle, (b) disc brake, (c) track control arm,
joint, (e) caliper and (f) cover plate

brake component produce undesired vibrations and noises.

To improve passengers comfort as car dynamic performance is necessaw tihvé behavior
of particular components, and if is necessary do some modifications, in order to reduce the noise
and the vibration perceived by the passengers, also the optimizations are necessary for new safety
or emissions regulations. A common targétmanufacturing companies is weight reduction to
decrease costs as well as to reach emission regulations.

Weight reduction in suspension components is complex because lightweight materials, such as
plastics, composites and magnesium simply do not meetigttity, hardness and durability
requirements (Leet al. 2017). Such components also have to meet vehicle safety requirements
(Cavazzutiet al.2011), every change to meet a requirement or optimization target has an effect in
the surrounding component&utomotive components must be evaluated to meet safety, strength
and comfort requirements; it is also mandatory to consider the surrounding components.

Evaluation of a component through its modal response is important due to it has an effect on
the stregth as well as in the comfort, vibrations in a component can be used to detect structural
damage through the modal parameter modification due to a change in the natural frequency
(Ntakpeet al.2016). To improve passenger comfort based on the noise tethe cabin interior,
evaluations such as acoustic modal analysis can be used (Aetald®016). In a vehicle, noise
and vibration are the main causes of riding discomfort @tes. 2017). Mechanical behavior of
chassis components has an influencahenvehicle dynamics and are essential components with
the body car in crashworthiness, due to it interchanges the loads from the roads and can generate
comfort discomfort. The component that connect the wheels and gives manage the car is the
steering knakle that it also connects the damper, the track control arm and braking components, in
Fig. 1 is shown the front axle suspension subassembly.

Steering knuckles must undergo their own safety tests to be released as individual components.
However, theymust also be evaluated as a subassembly, considering the influence of brake
systems. Brake friction induces vibrations and can result in resonance or noiss @r@017).

The brake system is especially a source of unwanted vibration and noisesinNibisebrake
system typically occurs during braking. The most common and annoying problem for brake
systems is squeal noise (Dunkipal. 1999).

The range of interest for the high frequency squeal in aldede system is-6 kHz. This
component can beptimized by improving their torsion, bending and mode frequencies (Cavazzulti
et al.2011).
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Fig. 2 Process to perform changes in model

Friction induced vibration has been studied by Kapelkal (2017). In someasesfriction is
undesired; however, in automotive systems, friction is desirable in brake systems and friction
clutches. Suspension noise is caused when one component excites a suspension component with a
natural frequency inside the range of excitation (&ieal. 2014). This noise is typically in the
range 206600 Hz for the rear suspension (X&e al. 2014). Stiffness plays a significant role in
noise because it affects the natural frequency of components. Road noise in a vehicle interior is in
a midfrequency range, around 500 Hz for low cruise speeds (Kbak 2014. Squeal noise is a
low-frequeng noise defined as being between 1 kHz and 3 kHz (Kim and Zhou 2016).

The geometry can be improved by modifying the mold and evaluating the new part using
experimental and Finite Element (FE) analysis. Using computational analysis allows prediction of
the natural frequencies prior to fabricating prototypes. Owing to the risk of uncomfortable
vibrations and squeal noise, an optimization is performed through modal analysis using
commercial software, complemented with experimental analysis.

2. Analysis procedure

To perform the analysis to improve the optimization time, instead of making changes to the
threedimensional Computehided Design model, changes were made to the mold, as described in
Fig. 2.

Fig. 3 shows the typical process for a component opétimn, design is evaluated as a
component if it approves its evaluation of chemical composition, strength, durability and modal
response, the component is assembled and tested to evaluate is behavior with the components
around it and function tests are feemed, if it meets the requirements the design is released,
otherwise is optimized. The traditional way is from the Cad is built the Mold and then the
components is molten in the foundry, then the component is evaluated, if is necessary the process
is doit in a loop until the target is reached. In the proposed process, the mold is directly modified
based on analysis and is foundry the component test, if it meets the optimization targets, this is
scanned and the CAD model is built frahese surfacesfter that is evaluated until it meets the
requirements as component as in the assembly.

3. Finite element simulation
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Fig. 3 FEM model Boundary conditions

Table 1Characteristics of FEM models with different mesh sizes

) Elements
Mesh Size (mm)
CTETRA CTRIA TOTAL
0.5 17,202,552 - 17,202,552
1 14,082,407 588,372 14,670,779
2 1,186,700 94,096 1,280,796
3 355,329 43,652 398,981
4 180,473 12,157 192,630
5 71,915 14,934 86,849
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Fig. 4Convergencanalysis

First, a FE modasimulation was performed with the aim of determining the eigenvalues and
eigenvectors. Fig3 shows the FE model used; spatial constraints are omitted, but these were the
same as the experimental test, suspended in air. The FE model was constructed tnoging
computeraided design model of the part.

FE models were constructed using solid elements CTETRA and CTRIA. Theréest
element characteristics are shown in Table 1. A fine mesh was used because of the complexity of
the component.

The softwae used for the preprocessor was ANSA, the solver was Optistruct and the
postprocessor was HyperView. The results were evaluated using convergence analysis to define
the mesh size. Mesh element sizes evaluated were 0.5, 1, 2, 3, 4 and 5 mm, as shownlin Tabl
The element size used was 2 mm for its rapid convergence and short time to solve the analysis

(Fig. 4).
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Table 2Nominal composition in % wt. AISi7Mg0.3
Si Mg Fe Mn Ti
10-11.8 0.45 0.19 0.10 0.15

Comtaur Plot Contour Plot Contour Plot
Eigen Mode(Mag) f Eigen Mode(Mag) Eigen Mode (Mag)
Analysis sysiem Analyws sysem Analyss sy
60NE+DI S 660E+01 La37E+02
FSJWEN’H [SO%EH}I [ 12788402
— 4.719E+01 4.412E4+01 1 118E+02
— 40S3E+01 —— 3TBREO — 9.587E401
T 3.393E+01 7 3I64E+01 7 7992E+01

= 6.398840|

4.804E+0 |
32108401
~ 1615E+01
2099ED1|

Max= | 437E+02

S 27386401

207TE+0|
1 417E+01
7 S69E+00
96S8EDI

Max = 6039E+01

=— 2 540E+01

1917E+01
1203E+01
6.688E+00
44R6E D01

Max = S650E+01

Grids 155973 Grids 184348 Grids | 34848
Min = 9.6SBED| Min = 4 486E-01 \»') 3 < Min= 2099801
Grids 51163 Grids 119373 . [ ] Grids 9R450

(a) mode 1 at 1125.28 Hz (b) mode 2 all297.5 Hz (c) mode 3 at 1506.8 Hz

Cantour Plot

Contaur Plot Comtour Ploy ‘
B lode (Mag) Eigen Mode (Mag) Eigen Mode (Mag)
Analysis system Analysis system Analyss sysem »
13578202 7.399E+01 am 9 336E+0 1
[ 12078402 [ 65788401 l: 83198401
1 0STE+02 57538201 — 7282E40|
— 9072E401 —— 49388401 — 6245E40|
T 15748401 T 4113801 — 5207E401
= 60768401 = 3298801 = 41708401

24738401 31338401
1 65TE+01 g | 2.096E+0 |
83728400 i 1059E40 |
- | TOIEDI 2 134ED1

45786401
3079E+01
= 1.S31E+01
8316801

Max = | 357E+02 Max = 7.399E+01 Max = 9 3S6E+01
Grids 59596 Grids 117085 Grids 53494
Min= 83ISED1 Min= | 70IED] Min= 2.134E01
Grids 126826 Grids6973 Grids 65626

(d) mode 4 at 1975.1 Hz (e) mode 5 at 2371.7 Hz (f) mode 6 at 2937.1 Hz
Fig. 5Eigenfrequency analysis in the initial model of steering knuckle

Table 3Finite element modal analysis results in the initi@mdel of steering knuckle
Wny Wn; Wn3 Wns Wns Whng
Hz 1125.28 1297.5 1506.8 1975.1 2371.7 2937.1

Force=5,440N

Force=5,440N

/V

“¢— Force=6,370N Force=6,370N
(a) Frontal view (b) Rear view
Fig. 6 Boundary condition and spatial constraint for the static analysis

Youngod6s modul ugaitd 7R o 09 £0.88) densityra2.7ieDtonne/mm
Table 2 shows the composition of AlSi1l part (DIN 2013).

Eigenvectors of the finite element analysis are showRign 5, in Table 3 are shown the
eigenvalues.
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Fig. 7 Stress results for the static analysis

(a) Frontal view (b) Rear view
Fig. 8 Model comparation

(a) Cloud points

Fig. 9 Scanning

Under the assumption that stiffness has a direct effect on the modal respstiasie, analysis
was performed. The load case was simplified using spatial constraint of 6DOF=0 (Degrees of
freedom) on the area of the contact of the damper. A load of 6,370 N was applied on the center of
the ball joint that connects the track control domwepresent brake force. A load of 5,440 N was
applied on the ball joint position that connects the rod from the steering box with the steering
knuckle to represent rotation of the tire, as it is shown in@zighe Von Mises stress results are
shown n Fig. 7.
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Table 4Finite element modal analysis results in the proposed model of Steering Knuckle
Wnl an Wn3 Wn4 Wn5 Wne
Hz 1143.7 1323.2 1582.6 2057.9 2376 2938.9

oy ~

(d) mode 4 at 1971 Hz | (e) mode 5 at 2322 Hz (f) mode 6 at 287é Hz
Fig. 11 Eigenfrequency analysis in the initial model of steering keuckl

Table 5Experimental results in steerikguckle modal analysis

Wny Wny Whn3 Whny Whns Whne
Ave(Hz) 11035 1301 1526 1971 2322 2872
Min(Hz) 1094 1292 1512 1962 2307 2855
Max(Hz) 1114 1310 1534 1993 2341 2898
D(Hz) 20 18 22 31 34 43
Error(%) 1.81 1.38 1.44 1.57 1.46 1.5

Based on theseesults modifications were made to optimize the steering knuckle desig8. Fig
shows the areas where the thickness of the material was increased based on the stress results in
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Fig. 12Experimental set up, for the disc brake measurement

Table 6Experimental results in the modal analysis of the disc brake

Wn, Wn, Wns Wna

Ave(Hz) 979 2276 3700 5179
Min(Hz) 968 2248 3648 5096
Max(Hz) 992 2304 3744 5264
D(Hz) 24 56 96 168
Error(%) 2.45 2.26 2.59 3.24

Fig. 13FE model of therack control arm

Fig. 7, the original design is in orange and the changes are on green. After modifying the mold, the
newly formed parts were scanned, as shown ingig

The scanned modified part was imported as a FE model in STL format. The mesh model was
repaired and therial FE model was built with element size 2 mm. The model was constructed
using 830,755 CTETRA elements and 42,100 CPYRA for a total of 872,855 solid elements of the
first order. The eigenvectors result of this simulation are similar to those of the brigdal.
Changes to the eigenvalues are shown in Table 4.

4. Experimental analysis

A noncontact scanning vibrometer (Polytec) was used because it can eliminate the effect of
accelerometer mass (Marwitz and Saber 2016).1Bighows the experimental $g.

Fig. 11 shows the experimental results in wireframe. Table 5 shows a summary of the
experimental results. The excitations were performed on the two points where the caliper was
fixed to 22 specimens.



Modal optimization: Asteering knuckle case study

Table 7Results of track control arm finielement modal analysis

Wny Wny Wnz Wny Wns Whng Wny Whng
Hz 217.5 272.4 448.8 709 822 895.5 1047.2 1220.7
an Wnlo Wnll Wn12 Wnlz Wn14 Wnls Wnle
Hz 1450.1 1675.1 1852 1933.4 2054.1 21179 2215.2 2273.4
Wny7 Wnys Wnyg Wnzo
Hz 2300.3 2531.8 2620.7 2820.3

B0

(b) mode 8 at 1220.7 Hz (c) mode 9 at 1450.1 Hz

Mag)

(f) mode 15 at 2215.2 Hz

(d) mode 11 at 1852 Hz

Grids 102

(g) mode 16 at 2273.4Hz (h) mode 20 at 2820.3Hz
Fig. 14Eigenvectors for finite element track control arm

The eigenvalues of the disc brake are known. E2gshows the experimental set up. Table 6,
shows the first four natural frequencies measured in 40 specimens.

The subassembly is composed of the steering knuckle, the disc brake and the track control arm
(Fig. 1). To understand the effect of the track tcoharm in this assembly, a FE simulation was
performed. The track control is a sheet metal component, based on this the FE model was built
using 2D shell element with 15,440 elements, 14,800 CQUAD, 789 TRIA. To simulate welds, 43
rigid elements are usew join the hub and the shell, as shown in.H§. The mechanical
properties for typical steel were used: E=210,000 N{vw0.3, 7=7.85€9 tonne/mm

Table 7 shows the results in the rang@ KHz. Fig 15 shows the eigenvectors in the range of
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Fig. 15 Experimental set up, fdrack control arm

Table8 Experimental results in track control arm

Wn; Wns Wny Wns Whng Wny Whng Whnio

Ave(Hz) 254.67 428 629.3 848 980 1063 1296.3 1610

Min(Hz) 247 428 621 847 976 1062 1289 1606

Max(Hz) 285 428 636 849 985 1064 1304 1613
D(Hz) 38 0 15 2 9 2 15 7

Error(%) 14.9 0 2.38 0.24 0.92 0.19 1.16 0.43

Wnyy Wnys Wnys Wnyse Wny7 Wnys Wnyg Wngy

Ave(Hz) 1809 2029.7 2204 2285.7 2358.3 2569 2786.7 2971
Min(Hz) 1766 2022 2204 2271 2344 2563 2777 2960
Max(Hz) 1832 2038 2205 2300 2373 2578 2797 2982
D(Hz) 66 16 1 29 29 15 20 22
Error(%) 3.65 0.79 0.05 1.26 1.22 0.58 0.71 0.74

interest for noise prevention-GLkHz).

Fig. 15 shows the three excitation points used. For each excitation point, measunament
taken for 20 components from the same production lot. This excitation pattern corresponds to the
kinematic points of the track control arm points 1 and 2 with the subfpoints the ball joint that

connect it to steering knuckle. Table 8 summarizes the main experimental results of the
measurement.

5. Results and discussion

To verify the prediction reliability of the FE simulation, these results were compared with
experimental results in the range of interest for noise preventi8nkfz), Table 9 shows the
evaluation for the steering knuckle. Table 10 shows the evaluation for the track control arm.

The maximum error between experimental and FE results is 4.4thefsteering knuckle and
5.8% for the track control arm. The error in experimental results are evaluating with the difference
of the maximum and minimum value report& &and compared with the average (Ave), the error
is 1.81 for the Steering knuckle atd.9% for the track control arm as it is showTables 5 and
8 respectively, based on this is believed that FE results have good confidence.
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Table 9Experimental results Vs FEA responses in steering knuckle

Wnl an an, Wn4 Wn5 Wl’le

Measure(Hz) 1103.5 1301 1526 1971 2322 2872
FEA(Hz) 1143.7 1323.2 1582.6 2057.9 2376 2928.5
D(Hz) 40.2 22.2 56.6 86.9 54 56.5
Error(%) 3.64 1.71 3.71 4.41 2.33 1.97

Table 10Evaluation of the natural frequencies in track control arm

Wny Whng Wnio Wna1 Wnis Wnis Wnue Wny7 Wnys Wnyo Wny1
Exp(Hz) 1063 1296.3 1610 1809 2029.7 2204.5 2285.7 2358.3 2569 2786.7 2971
FEA(Hz) 1047.2 1220.7 1675.1 1852 2054.1 2215.2 2273.4 2300.3 2531.8 2820.3 2924.4
D(Hz) 158 756 65.1 43 2443 10.7 123 583 37.2 33.63 46.6
Error(%) 149 583 4.04 238 1.2 049 054 247 1.45 1.21 1.57

Table 11Natural Frequencies in the range of interest

A Wn; Wng Wng Wnio Wnii Wniz, Wnis Wnis Wnis Wnis Wniz Wnigs Wnig Wnye Wnog
1063 1296 1450 1610 1809 1933 2030 2118 2204 2286 2358 2569 2787 2820 2971

DB Wn,
2276
SK Wn; Wn, Wns Wny Whns Whng
I 1125 1297 1507 1975 2372 2937
p 1104 1301 1526 1971 2322 2872

The track control arm and disc brake havatural frequencies above and below those
summarized in Table 9. However, the present work is focused on the range of interest, and how
this range influences the other components.

For the disc brake, only the experimental results are considered. To cotnpanatural
frequencies Table 11 summarized the results not seen in the experimental analysis, evaluating in
these frequencies the FE results, where TCA is track control arm, DB is disc brake and SK is
steering knuckle. The natural frequencies 9, 12 anfbdthe track control arm were found using
the FE simulation. These were ridentified it in the experimental work. Because the steering
knuckle has 15 natural frequencies in the range of interest, these are compared with the disc brake
as well as inital (i) and proposed (p) steering knuckle designs

None of the natural frequencies are similar; therefore, the final model was improved to
eliminate the resonances between the eighth natural frequency of the track control arm and the
second natural frequenoy the steering knuckle.

The weight was modified from 2.44683etonne in the original model to 2.3522F¢onne in
the improved model.

6. Conclusions

A modal optimization was performed using FE simulation to prevent noise and undesirable
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vibrations. Results were validated with experimental results using adimeasional scanner and
a vibrometer, taking into account the modal responses of the diez &md the track control arm.
Through static analysis, changes to the geometry of the steering knuckle were proposed, to modify
the modal response based on it stiffness. The geometry was modified directly using a mold and
tested after casting a new compone

The FE analysis results and experimental results show good agreement. The advantage of FE
simulation over the experimental results is that with one simulation all the natural frequencies are
found, whereas with experimental results is necessary tdeett®¢@ components in different
positions to find all the natural frequencies. Although the track control arm was excited at three
kinematic points and samples were tested for each excitation point, natural frequencies 1, 9, 12 and
14 were not found.

Squealnoise and uncomfortable vibrations can be prevented by performing modal analysis;
however,t is necessary to analyze components in the vicinity, not only the component of interest.

The most critical component in this subassembly is the track contrdlegause it has natural
frequencies in the range of interest. Although improvements to the eighth natural frequency of the
track control arm and the second natural frequency of the steering knuckhz is Hiot possible
to increase the difference for tfat that seventieth natural frequency of the track control arm and
the first of the steering knuckle tend to converge, for this is not possible to improve it more for the
manufacturing constraints of the assembly and the spatial constraints of the cuimfon¢he
kinematics suspension.

Errors found in the experimental results are greater in the track control arm than those in the
steering knuckle. The track control arm is manufactured using two main processes, stamping and
welding. In contrast, the steéeg knuckle is manufactured using a casting process.
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