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Abstract In this work, finite element method (FEM) and design of experiment (DoE) were used to design variables based
on minimum experimental conditions to cope with the market’s high performance requirements for automotive brake disk
rotor products. By applying the Box-Behnken Design (BBD) experimental design and the Response Surface methodology
(RSM), a four-factor, three-level experimental design and analysis were conducted on four variables, including the vent
ratio, cooling fin shape, undercut shape thickness, and undercut angle of the brake disc rotor. A design prediction
regression model for the optimal design with high reliability that can predict the correlation with design factors closely
related to the dynamic performance of the brake disc rotor was derived. In this study, the BBD method and RSM method
were applied to analyze the design and performance of an 18-inch disc rotor, and a design prediction regression model was
applied to develop a new 21-inch brake disc rotor, and a reliable performance prediction within 3 % compared to FEM
was performed to shorten the design period and identify the correlation between the design variables and the dynamic
performance of the disc rotor, which is closely related to the squeal noise generation. Currently, the automotive industry is
continuously promoting the establishment of a design and development system to effectively shorten the development
period while satisfying the high emotional quality needs of consumers, and aims to improve product competitiveness by
applying the results of this research to the field.

Key words Automotive brake disc rotor, Design optimization, Design of experiment, Response surface method, Box-
Behnken design, Finite element analysis
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Industry Application for Automotive Product Design

SLOTTED ROTORS ORILLED § SLOTTED ROTORS

Design Variables

X1~ Xy
(Design Parameters) »

* Vehicle Weight, Speed, Brake system * Weight

* Mechanical properties of disc

* Physical/Chemical properties

+ Geometry design parameters (OD, ID,
Thickness, etc.)

« Topology design parameters (Vane,
Hole, etc.)

* Wear rate, Friction coefficient

* Thermal conductivity

* Cost

Y1~ Yy
(Component Performance)

« Static Deformation, Stress

* Dynamic Deformation & Mode shape
* Thermal Deformation

* Max. Temperature & Cooling rate

* Wear rate w/ Pad mat’l & type

Design Targets / Performances

Z,~ 2y
(System Performance)

« Braking Distance

* Durability (lifetime, failure)

* Noise (Frequency, Amplitude)
« Corrosion

Fig. 1. Design variables, design targets and performances for automotive brake disc.
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Fig. 2. Structure and cross section view of automotive brake
disc rotor.
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Fig. 3. Main design variables of automotive brake disc rotor fin shape.
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Fig. 4. Vent ratio, Fin_shape (L3), Undercut shape (L2, 61) as main design variables for automotive brake disc optimization.
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Fig. 5. Vibration modal (OPD mode and IPC mode) analysis
examples of automotive brake disc rotor.

Table 1

The structure and specification of machine
Material properties Values
Young’s Modulus (MPa) 66,178
Poisson’s ratio 0.27
Density (kg/m’) 7,200
Thermal Expansion (10°/K) 1.2
Reference Temperature (°C) 22
Bulk Modulus (MPa) 47,955
Shear Modulus (MPa) 26,054
Tensile Yield Strength (MPa) 151
Compressive Yield Strength (MPa) 572
Isotropic Thermal Conductivity (W/m K) 45
Specific Heat (J/kg K) 510

Fig. 6. Finite element analysis mesh model for vibration modal
analysis of automotive brake disc rotor.
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Table 2
Design variables and levels for design of experiment
Level
Design variables
L1 L2 L3
A : Vent ratio (x,) 0.4 0.45 0.5
B : Fin-L3 (x,) 6.5 8.5 10.5
C : Undercut-L2 (x5) 5.5 6.0 6.5
D : Undercut-61 (x,) 55 60 65

Table 3
BBD (Box-Behnken design) set-up for design of experiment

Design variables (Coded value)

Run Vent Ratio Fin-L3  Undercut-L2  Undercut-061
1 1 1 2 2
2 3 1 2 2
3 1 3 2 2
4 3 3 2 2
5 2 2 1 1
6 2 2 1 3
7 2 2 3 1
8 2 2 3 3
9 1 2 1 2
10 3 2 1 2
11 1 2 3 2
12 3 2 3 2
13 2 1 2 1
14 2 3 2 1
15 2 1 2 3
16 2 3 2 3
17 1 2 2 1
18 3 2 2 1
19 1 2 2 3
20 3 2 2 3
21 2 1 1 2
22 2 3 1 2
23 2 1 3 2
24 2 3 3 2
25 2 2 2 2
26 2 2 2 2
27 2 2 2 2
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Fig. 7. Finite element analysis result example of vibration
modal (OPD4) behavior of automotive brake disc rotor.
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Table 4
RSM analysis results of OPD4 modal behavior
No Estimate Std. error Pr > |t))
Intercept 3.6923e+03 1.9329¢+02 Hrk
—3.8023e+03 2.7079¢+02 ok
1.8154e+02 5.9438e+00 ok
—3.1229¢+01 3.0024e+01
—6.4167¢-01 3.0024e+00
1.4200e+02 5.7764¢+00 ok
1.2000e+02 2.3105e+01 ok
—5.6000e+00 2.3105e+00 *
3.2500e-01 5.7764e-01
—1.2000e-01 5.7764e-02
—7.0000e-02 2.3105e-01
—2.6667e+01 2.0010e+02
—8.1885e+00 1.2506e-01 ok
—1.6667¢-01 2.0010e+00
4.5833e-02 2.0010e-02 *

surface) “JollAe] Xg A L= Fig. 73 72o] 4
HA) T57255 9%k 1ER =2 OPD4E F8 XS
AE2 QG IFEGTTE B F3xgk o] H
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Fig. 8. Response surface analysis results for OPD4 behaviors of 18 inch automotive brake disc rotor as a function of vent_ratio,
fin_shape, undercut_shape variables.
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Table 5
Design parameter for design of experiment for evaluation
experiment

Desi Level
esl arameter

gnp L1 L2 L3
A : Vent_ratio (x;) 0.27 0.375 0.48
B : Fin-L3 (x,) 4.0 8.5 13.0
C : Undercut-L2 (x;) 5.5 6.0 6.5
D : Undercut-01 (x,) 40 55 65

Table 6
Prediction evaluation error comparison between RSM and FEM
analysis results of 18-inch brake disc rotor’s OPD4 modal
behavior

No Estimate FEM analysis Error (%)
1 1892 1936 227
2 1295 1302 0.54
3 2576 2577 0.04
4 2247 2324 3.31
5 2160 2162 0.09
6 2177 2173 0.18
7 2172 2244 3.21
8 2187 2221 1.53
9 2401 2377 1.01
10 1925 1925 0

11 2399 2403 0.17
12 1949 2016 3.32
13 1583 1618 2.16
14 2418 2488 2.81
15 1612 1601 0.69
16 2420 2464 1.79
17 2388 2383 0.21
18 1943 2014 3.53
19 2419 2409 0.42
20 1944 1973 1.47
21 1589 1555 2.19
22 2406 2427 0.87
23 1598 1622 1.48
24 2418 2493 3.01
25 2169 2181 0.55
Average 2,091 2,116 1.47
UISES DUl ot 2101 ClA3 =E AN
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squared Fto] 0.99592 =& AW=S B oH, Fig. 10]
= 21817 "3 2H AAERZCNA IPClE THHTE
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Fig. 9. Response surface analysis results for OPD4 behaviors of 21 inch brake disc rotor as a function of vent ratio, fin_shape,
undercut_shape variables.
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Fig. 10. Response surface analysis results for [IPC1 behaviors of 21 inch brake disc rotor as a function of vent ratio, fin_shape,
undercut_shape variables.
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Table 7
Prediction evaluation error comparison between RSM and FEM
analysis results of 21-inch brake disc rotor’s modal behavior

Response variable (Y) Estimate FEM analysis Error (%)
OPD4 4,082 4,127 1.1
IPC1 6608 6772 2.4
IPC2 9945 10055 1.1
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