
 
 

  

Va
Va
pa
sy
an
de
co
ex
se
sti

Se
 

 

ca
ch
ro
of
th

br
pa
su
A
sh
de

of
un
co
co
V
Ev
V

Th
ex
op

 

De

Aj
fax

De

En

Abstract — T
ariation) whi
ariation) and t
aper, in order t
ystem of an aut
nalysis progr
ependent char
onsidered. BT
xperiment is 
ensitivity analy
iffness of a bus
  
Index Terms —

ensitivity Anal

While drivin
ause vibration
hattering. Esp
otational vibra
f a steering w
hrough the sus

These vibrat
rake disc an
assengers. In
uspension and

Also this can c
hould be eva
evelopment. 

The brake ju
f brake force
nuniformity o
ontact pressu
onditions are 

Variation), ini
ventually, it 

Variation) [1-2]
To reduce su

he first way 
xciting vibra
peration precis

Manuscript rece
J. H. Lee is a ma

epartment at Ajou
T. W. Park is a p

jou University, 
x:+82-31-219-19
S. P. Jung is 

epartment at Ajou
W. H. Kim is

ngineering Depar

S
Con

he cause of bra
ich is resulte
this phenomen
to analyze the 
tomotive is mo
ram. Especia
racteristics of
TV measure
applied to 

ysis of the sus
shing as a desi

— Brake Judd
lysis, Brake To

I. INTR

ng a vehicle, f
n and noise pro
ecially, vibrat
ation (nibble)
wheel and pu
spension and s
tions that are 
d pad can g

n addition, i
d steering syst
cause of an ac
aluated and 

udder is gener
e. This phen
f the disc fric

ure between 
happened b

itial producti
is the cause

].  
uch brake judd

is to reduce 
ation forces 
sion of the bra

eived March 19, 2
aster degree cand
u University (e-m
professor with the
Suwon, Republi
65; e-mail:park@
a PhD candidat

u University (e-m
s a master deg
rtment at Ajou Un

Sensiti
nsideri

Jin

ake judder is B
ed from DTV
on affects the r
transfer mech

odeled using a 
ally, nonlinea
f the bushing
d from bra
the simulatio
spension syste
ign variable is 

der, Transfer M
orque Variation

RODUCTION 

frequent and s
oblems like ju
tion, called br
, translational
ulsation of a 
steering system
caused by fri

give an unpl
f resonance 
tems can be 
ccident. There
improved du

rated from an 
nomenon is u
tion surface a
disc and b

by the DTV
on defects a
e of the BT

der, there are t
brake torque
for exampl

ake disc, the fr

2010. 
didate student of M
mail:ljh1227@ajo
e Mechanical Eng
ic of Korea (Ph

@ajou.ac.kr) 
te student of M

mail: moonsejung@
gree candidate s
niversity (e-mail:s

ivity A
ing Dy
n Hee Lee, T

BTV (Brake To
V (Disc Thic
ride comfort. I
anism, a suspe
multibody dyn

ar and frequ
g components
ake dynamom
on model. Fi
em which cons
carried out.  

Mechanism, Bu
n.  

sudden brakin
udder, shimmy
rake judder, o
l vibration (sh

brake pedal 
ms. 
iction betwee
leasant feelin
is occurred

severely dam
efore, brake ju
uring the ve

irregular vari
usually arise

and variation o
brake pad. T
 (Disc Thick
and disc run
V (Brake To

two main met
e variation du
e improving

friction materi

Mechanical Engin
u.ac.kr) 

gineering Departm
hone:+82-31-219

Mechanical Engin
@naver.com) 
student of Mech
shornet@nate.com

Analysi
ynamic
Tae Won Park

orque 
ckness 
In this 
ension 
namic 
uency 
s are 
meter 
inally, 
siders 

ushing, 

g can 
y and 

occurs 
hake) 
pass 

en the 
ng to 
, the 

maged. 
udder 
ehicle 

iation 
en by 
of the 
These 
kness 
n-out. 
orque 

thods. 
ue to 

g the 
als of 

neering 

ment  at 
9-2952; 

neering 

hanical 
m) 

the 
frequ
syste

In
vibra
And 
Espe
stiffn
evalu
can 
deve
 

II
 

A.
To

dyna
susp
susp
strut
and 
cons
prop
desig
mech
mod
 

B.
W

prog
How
elem
and m
The

or flu
 

is of Tr
c Chara

k, Sung Pil J

brake pad, e
uency range 
em and freque
n this paper, n
ation through 
the effect of 

ecially, sensiti
ness is conduc
uation and de
apply at the

eloping advanc

I. CONSTRUC

Vehicle Mod
o analyze dyn
amic analysis 
ension system
ension system

t and each par
bushings. Th

sist of 27 mo
perties of each
gn process. P
hanism is ana

del is shown in

 Bush Model
When the sus
gram, each pa
wever, the part
ment such as b

mounting pos
e actual bushi
uid seal type.

Fig. 1 Ve

ransfer
acteris
Jung and Wo

etc. The othe
of natural fr

ency of the bra
numerical mo
the suspensio
vibration on 

ivity analysis 
cted and the i
esign improve
 initial desig
cement is pos

CTION OF TRAN

del  
namic behavi
program is u

m is assumed
m of the vehicl
rt is connecte
he suspension
oving parts. T
h part of the s
Performance o
alyzed for the 
n Fig. 1. 

ling 
pension syste
art can be co
s of actual veh
ushing. Table
ition used in f

ing componen
Such material

ehicle Multibo

r Mech
stic of a
ook Hyeon K

er way is to 
frequency of 
ake judder. 
odel is develo
n system and 
the vehicle bo
due to change
influence is an
ement in virtu
gn process, ri
sible [3]. 

NSFER MECHA

ior on judder
used. The bra
d as a rigid b
le consists of 
d by joints, sp

n and steering
The dimension
system are ob
of the brake 
front suspensi

em is mode
onstrained as 
hicles are cons
e. I shows the 
front suspensi
nts consist of r
ls have viscoe

ody Dynamic 

hanism
a Bush

Kim 

differently 
the suspensi

oped to find o
rubber bushin
ody is analyze
e of the bushi
nalyzed. If su
ual environme
ide quality a

ANISM MODEL

r, the multibo
ake module a
body. The fro
the Macphers
prings, dampe
g system mod
ns and mater

btained from t
judder trans

ion. An analy

led in analy
an ideal joi

strained by for
type of bushi

ion.  
rubber, uretha
elastic behavio

 
Model 

m 
hing 

 

set 
ion 

out 
ngs. 
ed. 
ing 
uch 
ent 
and 

ody 
and 
ont 
son 
ers 
del 
rial 
the 
fer 

ysis 

ysis 
int. 
rce 
ing 

ane 
or.  

Proceedings of the World Congress on Engineering 2010 Vol II 
WCE 2010, June 30 - July 2, 2010, London, U.K.

ISBN: 978-988-18210-7-2 
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

WCE 2010



 
 

1

2

3
4

 
B
co
on
m
m
Sp
ju
In
de
fu
by
fo
de
va
ch
of
th
M
ca
 

 
W
an
di
fr
us
no
Fi
ch
co
 

Fi
A
 

 

1 Sub Fr

2 Lower

3 Stabiliz
4 Sprin

ecause bushin
onstrain the m
n ride quality

more accuratel
modeling of d

pecially, bush
udder. So this 
n the bushin
ependent cha
unctions. The 
y applying exp
orce according
ependent char
ariable x as a 
haracteristic cu
f the frequency
he transfer fu

Maxwell mode
alculating stati

Where, x is a f
nd d are coeffi
isplacement. T
equency func
sing experime
onlinear bushi
ig. 3 shows 
haracteristic 
oefficients. 

ig. 2 Experim
Arm Mounting 

Table. I Bush
Item 

rame Mountin

r Arm Mountin

zer Bar Mount
ng Upper Stru

Tota

ng component
movement of e

, driving stab
y evaluate ch
detailed bush
hings affect t
dynamic char

ng model, st
aracteristics 
nonlinear cha
perimental dat
g to displacem
acteristic, the 
frequency fun
urve. In other
y dependent c
unction form
el is used. E
ic bushing for

Fୠ୳ୱ୦ ൌ G

filtered displac
icients of the t
To use static
ction, approp
ntal data. Fig.
ing force acco
characteristic
obtained tu

ental Non-Lin
FR bushing 

hing Informati

ng Bushing 

ng Bushing 

ting Bushing 
ut Bushing 
al 

ts support the
each part, it ha
bility, etc. The
hassis as a tra
hing compon
transmit of lo
racteristic is ne
tatic nonlinea
are included

aracteristic of 
ta using a spli

ment. In other
method that f

nction is appli
r words, to exp
characteristic o

mula based on
quation (1) i
rce. 

Gሺa  xሻ    

cement value, 
transfer functi
c displacemen
riate fitting p
 2 is the exper
ording to the 
c of the freq
uning the 

near Static Stif

ion 
Location

FR 
RR 
FR 
RR 

- 
- 

e vehicle body
as a decisive e
erefore, in ord
ansfer mechan

nents is invo
ow frequency
eeded to inclu
ar and frequ
d using spe
stiffness is cr
ine curve - bu
r case as frequ
filters displace
ied using the 
press characte
of a rubber bu
n the genera
is the formul

                   

x ൌ ୡାୢୱ
ୟାୠୱ

x.  a
ion and a is i
nt variable x 
process is ne
rimental data t
displacement.
quency depen
transfer fun

ffness of Low

No.
2 
2 
2 
2 
2 
2 

12 

y and 
effect 
der to 
nism, 

olved. 
y like 
ude. 
uency 
ecific 
reated 
ushing 
uency 
ement 
static 

eristic 
ushing, 
alized 
la for 

   (1) 

a, b, c 
initial 

as a 
eeded 
that is 
. And 
ndent 

nction 

 
wer 

Fig.
Stiff
 
Con

beha
than 
 

C.
In

repre
and 
Tabl
test d

I
Disc

Max

 
 

 

3 Experiment
fness of Lower

nsidering only
avior because

40Hz. 

BTV Measur
n developed v
esent the brak
pad. BTV is 

le. II shows te
dynamometer 

Item
Initial ang. vel
c Thickness V

Pressure
Dynamic Rad
Effective Rad

x Friction Coe
Contact Stiffn

F

tal Frequency 
r Arm Mounti

y 1st order is 
frequency ran

rement 
virtual simulat
ke judder, BTV

measured at 
est conditions
and measured

Table. II Te
U

locity R
Variation μ

N
dius 
dius 
efficient 

fness N

 
Fig. 4 Brake D

Dependent D
ing FR Bushin

sufficient to e
nge of the brak

tion environm
V is inputted b
the brake dyn

s. Fig. 4 and F
d BTV, respec

est Condition 
Unit 

Rad/s 
μm 
/mଶ 2
m 
m 0
- 

N/m 1.

Dynamometer 

Dynamic 
ng 

express dynam
ke judder is le

ment, in order 
between the d
namometer te
Fig. 5 show t
ctively. 

Value 
67.4 

8 
1 x 10ହ 
0.330 
0.1336 
0.435 
.5 x 10 

 

 

 

mic 
ess 

to 
isc 

est. 
the  

Proceedings of the World Congress on Engineering 2010 Vol II 
WCE 2010, June 30 - July 2, 2010, London, U.K.

ISBN: 978-988-18210-7-2 
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

WCE 2010



 
 

 

A

te
de
of
cr
it 
Pl
an
ne
de
m
pa
ru
th
ca

ea
pa
k
ex

co
of
m

to

Fig. 5

A. Theoretic
Sensitivity is

erms of design
esign paramet
f the character
reate a Placket
is widely used
lackett-Burma
nd the intera
eglected. n+1
esign variable

multiple of 4 
arameters. In 
uns is used. Th
he characterist
an be derived 

 

 
where x  is

ach experimen
arameters, y

k is the numb
xpressed in a m

 

 
According 

oefficients ( β
f error. The sq

matrix form. 
 

EE T

 
The error is

o B. This leads
 

 

5 Measured B

III. Sensit

cal Backgroun
s the derivativ
n parameters. 
ters, which hav
ristic value, to
tt-Burman des
d as a design t
an design is a
action betwee
 experiments

es. The numb
and set accor
this study, th

he relationship
tic value, whic
as (2). 

+=y 0β

 the level of 
nt condition, 
is the charact
ber of design
matrix form a

Y =

to the lea
β ) can be calc
quare of error

YYE T −= 2

s eliminated by
s to 

YX T

rake Torque V
 

tivity Analysi

nd 
ve of the char
Sensitivity an
ve a serious ef

o be selected. 
sign than the o
table for sensit
a 2-level desi
en design p
 are carried 
er of experim
rding to the 
he Plackett-Bu
p between des
ch is called the

∑
=

++
k

i
ii x

1
εβ

design param
β  is the coe

teristic value, 
n parameters
s (3). 

EXB +       

ast square m
culated by min
r can be writte

BYXB TT +2

y differentiati

XBX T=     

Variation 

s 

racteristic val
nalysis allows 
ffect on the ch
Since it is eas

orthogonal arra
tivity analysis
ign of experim
arameters ca
out in terms 

ments is equal
number of d
urman design
ign parameter
e response fun

ε                   

meters accordi
efficients of d
ε  is the erro

s. Equation (

                    

method, recu
nimizing the sq
en in the follo

XBXB TT    

ing (4) with re

                    

 

lue in 
main 

hange 
sier to 
ay [4], 
s. The 
ments 
an be 

of n 
l to a 

design 
n of 8 
rs and 
nction, 

    (2) 

ing to 
design 
or and 
(2) is 

    (3) 

ursive 
quare 

owing 

    (4) 

espect 

    (5) 

T
obtai

The 
desig
valu
 

B.
Th

bush
comp
bush
x, y 
syste
the s
lowe
varia
carri
the e
desig
on e
perfo
objec
rotat
maxi
Expe
Plack
simu
of d
expe

 
 

Nam

DV

DV2

DV3

DV4

DV5
 

Therefore, a 
ined as 

magnitude of
gn parameter
e [5]. 

Sensitivity A
he sensitivity
hings which 
ponents are t

hing. And total
and z directio

em is symmetr
same value. F
er arm mounti
ables and lev
ied out. The st
experimental r
gn variables is
each design v
ormed using t
ctive of sensit
tional acceler
imum accele
eriment for se
kett-Burman d

ulations – exp
design variab
eriment. 

Fig. 6 Low

T

me De

1
Lower a

FR2

3

4 Lower a
RR5

set of recurs

XB T(=

f recursive coe
s affect the 

Analysis of Bus
y analysis is 

significantly 
the sub fram
l 5 design vari
on of each bu
ry, stiffness o

Fig. 6 shows 
ing bushing an
vel of bushing
tiffness of eac
result of hardn
s initial value 
variable, tota
the multibody
tivity analysis
ration at the 
eration is ob
ensitivity anal
design table. F
eriment 3 and

bles and the 

wer Arm(LH) 

Table. III Desi

esign Variable

arm mounting
R bushing 

arm mounting
R bushing 

sive coefficie

YXX TT 1)−  

efficients indi
change of th

shing Compon
implemented
affect vibra

me and lower
iables are cho

ushing. Due to
of left and righ
the coordinat
nd table. III re
g that sensiti
h design varia
ness 60 and 7
of the nonline
l 8 times of 

y dynamic veh
s is to minimiz

steering wh
btained by th
lysis is carrie
Fig. 7 shows 

d 4. Table. IV 
simulation r

 and Coordina

ign Variable 

s 
Sti

Min

g 
x 38

y 14

z 25

g x/y 15

z 24

ents, B, can 

                     (

cates how mu
he characteris

nent 
d for 4 of 
ations. Select
r arm mounti
sen - stiffness

o the suspensi
ht variables ha
te system of t
epresents desi
ivity analysis 
able is applied
70. Each level 
ear curve. Bas
f simulation a
hicle model. T
ze the maximu
heel. Therefo
he simulation

ed out using t
the result of t
shows the lev

results of ea

 
ate of bush 

ffness(kgf/mm

n(-1) Max(+

8.4 64.6

40.6 282.0

5.2 44.4

50.0 296.2

4.0 48.6

 

be 

(6) 

uch 
stic 

12 
ted 
ing 
s of 
ion 
ave 
the 
ign 

is 
d at 

of 
sed 
are 

The 
um 
ore, 
ns. 
the 
the 
vel 
ach 

m)

+1)

6 

0 

4 

2 

6 

Proceedings of the World Congress on Engineering 2010 Vol II 
WCE 2010, June 30 - July 2, 2010, London, U.K.

ISBN: 978-988-18210-7-2 
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

WCE 2010



 
 

 

 
Fig. 7 Steering Wheel Angular Acceleration–exp.3 and 4 
 

Table. IV Experiment Table and Result 
Row DV1 DV2 DV3 DV4 DV5 Result 

1 +1 +1 +1 -1 +1 0.342 
2 -1 +1 +1 +1 -1 0.213 
3 -1 -1 +1 +1 +1 0.345 
4 +1 -1 -1 +1 +1 0.130 
5 -1 +1 -1 -1 +1 0.256 
6 +1 -1 +1 -1 -1 0.286 
7 +1 +1 -1 +1 -1 0.146 
8 -1 -1 -1 -1 -1 0.288 

 
Through the 2-level experiments, coefficients of response 
function in the form of polynomial function can be 
approximated. Equation (7) represents the response function.  
Sensitivity of bushing components is shown in Fig. 8. Change 
of the radial stiffness of the lower arm front and rear 
mounting bushing have a significant effect on the suspension 
system. 
 

1 2 3 4 50.2508 0.0247 - 0.0565 0.01558 - 0.0255 - 0.0108y x x x x x= + +
 (7) 

 

 
Fig. 8 Bush Sensitivity Analysis 

 

IV. Conclusion 
 

In this paper, using the multibody dynamic automotive 
model, the method which finds out influence of the brake 
judder is proposed in the virtual environment. The 
Mcpherson type suspension model is created and chassis 
performance is evaluated as a judder transfer path. Especially, 

a rubber bushing which plays an important role as vibration 
isolation is modeled in more detail.  Nonlinear stiffness 
according to the displacement and frequency dependent 
characteristics are modeled applied actual experimental data. 
Applying a judder to brake system in the virtual model is 
carried out using BTV from the actual dynamometer. 
Through input BTV generated by judder phenomenon, the 
rotational acceleration is calculated. In order to find out 
impact judder on the transfer mechanism, sensitivity analysis 
due to change of the bushing stiffness is conducted for a 
lower arm mounting bushing. Sensitivity due to change of the 
each directional stiffness is analyzed using Plackett-Burman 
design table through 8 times simulation. 

In order to verify results of this research, the vehicle test 
should be accompanied in the same environment. 
Furthermore, if sensitivity analysis which considers not only 
stiffness of bushings but also geometry of the suspension can 
be conducted, more useful analysis result can be obtained for 
the transfer mechanism. Finally, improvement of the vehicle 
ride quality is expected to contribute through optimization 
design for the suspension system and bushing components 
based on this result.  
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