
A st
met
 
Chan
Soun
150, 
 
Roch
KU L
Cele
 
Van 
KU L
Cele
 
Clae
KU 
Cele
 
Desm
KU L
Cele
 

In au
since
insul
relat
pad 
vibra
insul
noise
their
secon
pane
evalu
and 

         
1 cha
2 noe
3 luca
4 clau
5 wim

tudy on 
tamateri

ng, Kyoung
nd Design R
Hyundaiye

ha de Melo
Leuven, De

estijnenlaan

Belle, Luc
Leuven, De

estijnenlaan

eys, Claus4 

Leuven, D
estijnenlaan

met, Wim5 

Leuven, De
estijnenlaan

utomotive d
e most of 
lation pad,
ted to their
design ba

ation insul
lation pad.
e is introd
r noise and
nd part, th
el in a rea
uated. As a
acousticall

                   
angkj@hyun
egeraldo.roc
as.vanbelle@
us.claeys@k
m.desmet@k

the appl
ial for re

g-Jin1 

R/Lab, Hyu
eonguso-ro

o Filho, Noé
ept. of Mec
n 300, B-30

as3 

ept. of Mec
n 300, B-30

Dept. of Me
n 300, B-30

ept. of Mec
n 300, B-30

developme
the conve

, deadener 
r mass. Th
ased on loc
lation of a 
. In the firs
uced, and 

d vibration 
he selected 
al car. The
a result, th
ly outperfo

                    
ndai.com 
chademelofi
@kuleuven
kuleuven.be
kuleuven.be

lication 
educing 

undai Moto
o, Namyang

é Geraldo2

chanical En
01 Heverle

chanical En
01 Heverle

echanical E
01 Heverle

chanical En
01 Heverle

A
nt satisfyin
entional no
and reinfo

his paper p
cally reson
vehicle wh

st part, a m
various re
insulation 
resonant m

ir noise in
he insulatio
orms the cu

      

ilho@kuleu
.be 
e 
e 

of locall
a vehicle

or Compan
g-eup, Hwa

ngineering a
ee, Belgium

ngineering a
ee, Belgium

Engineerin
ee, Belgium

ngineering a
ee, Belgium

ABSTRAC
ng both low
oise and v
orcing mat

proposes a 
nant metam
hile reduci
major auto
esonant me
performan
metamater

nsulation p
on pad wit
urrent insu

uven.be 

y resona
e's engin

  

ny 
aseong-si, G

and DMMS
m 

and DMMS
m 

ng and DM
m 

and DMMS
m 

T 
w noise and
vibration c
erial have
novel noise
material to
ing the wei
omotive noi
etamaterial
nce is exper
rial designs
erformanc
th resonan

ulation pad

 

ant acou
ne noise 

Gyeonggi-d

S Lab, Flan

S Lab, Flan

MMS Lab, 

S Lab, Flan

lightweigh
countermea
their perfo
e and vibra
o improve 
ight of the
ise issue du
l designs a
rimentally 
s are applie
e is again 
t metamat
solution in

stic 

do, South K

nders Mak

nders Mak

Flanders M

nders Mak

ht is challen
asures suc
ormance cl
ation insul
 the noise

e current s
ue to the en
are devised
assessed. I
ed to a fir
experimen

terials is lig
n the frequ

Korea 

ke  

ke  

Make 

ke  

nging 
ch as 
losely 
lation 
e and 
sound 
ngine 

d and 
In the 
ewall 
ntally 
ghter 
uency 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



regio
acou
 
Keyw
I-INC

1. IN
N

reinf
firew
vehic
light
Cons
noise
desig
NVH
tunab
to a 
host 
reson
three
of a 
is m
expe
lab t
adde
perfo
surpa

2.  A

2.1 N
In

engin
head
engin

 

Figu

on where 
ustical perfo

words: reso
CE Classif

NTRODUC
Noise and v
forcing mat
wall of a v
cle since t
tweight des
sequently, 
e and vibr
gn. Recent
H solution 
ble frequen
Fano-type
structure i

nant metam
e resonant 
vehicle wh

mounted o
erimentally
test rig. Fr
ed to a firew
ormance. I
ass the NV

AUTOMOT

Noise Meas
n order to 
ne car has 

drest, the fr
ne compart

ure 1: SPL m

the reson
ormance ou

onant metam
fication of S

CTION 
vibration c
terial are c
vehicle. Th
their perfor
sign is an 
automotive
ation harsh
ly, resonan
[2]. They

ncy ranges,
e interferen
in a subwa
materials h
metamater
hile reducin

on its fire
 assessed a
rom this te
wall of a p
In conclusi

VH perform

TIVE NOIS

urement of
decide the
been meas

ront of a le
tment, resp

measuremen

nant metam
utside this 

material, fire
Subject Nu

countermea
ommonly u
hese count
rmance is
increasingl
e developm
hness (NVH
nt metamat
y can offer
, referred a

nce generat
avelength s
have been d
ial designs
ng the wei

ewall. The
and compar
est, two re
assenger c
ion, the de

mance of the

SE ISSUES

f a Passeng
e target fre
sured in thr
eft dash pa

pectively in

nt of a diese

materials 
frequency 

ewall, engin
umber: 33 

asures suc
used to imp
termeasures
generally 

ly requirem
ment has the

H) comfor
terials have
r superior 

as stop band
ted by the 
scale [3]. T
discussed i
s are devise
ight of the 
e NVH pe
red with th
esonant me
ar to exper

esigned me
e current in

S 

ger Car 
equency of 
ree position
anel and at
n idle and d

el engine ca

are effecti
region. 

ne noise 

h as insul
prove engin
s bring ab
related to 

ment due to
e challenge
rt while ma
e emerged 

NVH perf
ds. These s
addition o

The theory 
in many w
ed to impro
current so

erformance
e current in

etamaterial 
rimentally v
etamaterial 
nsulation pa

the stop b
ns, i.e. the 
t the rear o

drive condit

r: idle (left)

ive while 

lation pad,
ne noise ra

bout weigh
their mass

o the ecolo
e to deliver
aintaining 
as a poten
formance i
top bands a

of resonant 
and potent

works [4-8]
ove the NV
und insulat
es of thes
nsulation p

designs ar
verify the n
solutions 

ad in the tu

band, the S
right side 

of the engi
tion (Figur

) and drive 

having sim

, deadener
adiated from
ht increase 
s. Neverthe
ogical trend
r cars with
the lightw

ntial lightw
in specific
are induced

t structures
tial of a lo
]. In this p
VH perform
tion pad, w
se designs

pad solution
re selected
noise insul
are lighter

uned stop b

SPL of a d
of a driver

ine block i
re 1). 

condition (r

milar 

r and 
m the 

of a 
eless, 
d [1]. 
 high 

weight 
weight 
c and 
d due 
s in a 
ocally 
paper, 
mance 
which 
s are 
n in a 
d and 
lation 
r and 
and. 

diesel 
r seat 
n the 

 
(right) 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



In
frequ
Ther

A
treat
targe
targe
the f

2.2 T
En

main
add a
a so
perch
(PU)
comp
frequ
to its

 

Figu

In
i.e. P
meta
thick
meta
insta
using

Figu

n Figure 1
uency rang
refore, the 

Also, the p
tment is ex
et is define
et is shifted
firewall, wh

Test Sampl
ngine noise

n NVH issu
a dash insu
und insula
hlorate (A
) foam o
plement ea
uency. How
s mass, wh

ure 2: Firew

n this study
PET fibre, 
amaterial d
kness EVA
amaterial s
ant adhesiv
g bolts. In 

 

 
ure 3: Meta

pad comp

1, the high
ge in which
1st target fo
otential of

xploited, w
ed to a fre
d to 400 – 7
hich is show

es and Test
e transmiss
ues in a veh
ulation pad
ation layer,
P) coated 

or polyeth
ach other to
wever, the 
ich poses a

wall without 

y, an origin
2.5mm thi

dash insula
A, PU foa
ample is g

ve (Figure 3
the real veh

amaterial la
position (rig

hest SPL 
h the combu
or the stop 
f having tw

which mean
equency re
700 Hz due
wn later in 

t Condition
sion throug
hicle. To e

d on the fire
, e.g. ethyl
sheet, and

hylene tere
o improve t
sound insu

a constraint

insulation p
pad 

nal dash ins
ickness EV
ation pad 
am and a 
glued to a 
3), and the
hicle test, a

ayer added t
ght) from to

meta

peak in t
ustion nois
band is set
wo stop b

ns the first
egion from
e to a meas
this paper.

n 
gh the dash 

nhance the
ewall as se
lene-vinyl 
d a sound 
ephthalate 
the sound t
ulation pad
t in achievi

 
pad (left) an
installed (r

sulation pad
VA and PU 

having fo
resonant 

host struc
e other laye
a fire wall 

  
to a steel pa
op to bottom
amaterial la

he engine 
e is the lou
t for this fr
bands in on
t target is m

m 700 – 11
sured peak 
. 

panel into 
e transmiss
een in Figu

acetate (E
absorption
(PET) f

transmissio
d has its pe
ing high lev

nd the firew
ight). 

d which is 
foam is co

our layers,
metamate

cture, herei
ers are atta
correspond

anel (left) an
m: PET fibre
ayer. 

room is 
udest, i.e. 1
equency ra
ne resonan
maintained

100 Hz. La
in structur

the car cab
ion loss, it
re 2. It usu

EVA) sheet
n layer, e.g
fibre. Thes
on loss in th
erformance 
vels of NV

wall with the

composed 
ompared wi
 i.e. PET 
rial layer.

in a flat st
ached to th
ds to the ho

nd metamat
e, EVA, PU f

considered
1100 – 1500
ange.  
nt metama
d, and a se
ater this se
ral vibration

bin is one o
t is necessa
ually consis
t or ammo
g. polyuret
se two l
he low and

e closely re
VH comfort

e dash insul

of three la
ith the reso

fibre, 1.0
 The reso

teel panel, 
he host stru
ost structure

terial insula
U foam and 

d the 
0 Hz. 

terial 
econd 
econd 
ns on 

of the 
ary to 
sts of 
nium 
thane 
ayers 

d high 
elated 
. 

 
lation 

ayers, 
onant 
0 mm 
onant 
with 

ucture 
e. 

 
ation 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



Th
evalu
(Figu
alum
(420
bolt.
Thes
repre
insul
ሺ݂ܮܫ 

 
wher
close
cavit
spac
was 

Th
the d
grid 
impe
weig
 

Fig

Th
(Figu
using
is no
car c

3. CA
In

the 
comb

he noise i
uated by in
ure 4). The

minum fron
0 x 594 mm

 In this w
se samples
esents the 
lation pad, 

݂ሻ ൌ 10 log
re ௢ܹ௣௘௡  an
ed by the t
ty. The sou
er of 12 m
of 20ºC. 
he structur
dash insula

of 7x8 p
edance hea
ghing 0.8 g 

gure 4: IL is
open (left) a

he tests in 
ure 17) an
g a microp
ot installed
cabin was o

ASE STUD
n this sectio
Soundbox.
bination w

insulation 
nsertion lo
e Soundbox
nt wall w

m) size aper
ay, the sam
 are tested
firewall, a
(Figure 3)

gଵ଴ ௢ܹ௣௘௡௖ܹ௟௢௦௘ௗ, 
nd ௖ܹ௟௢௦௘ௗ  
test sample
und power

mm. The tem

ral vibratio
tion pads i

points on t
ad type P
are used a

s calculated
and closed 

the vehicle
nd measurin
phone PCB 
d as shown 
of 25ºC. 

DIES OF M
on, three ty
. For eac

with the B

performan
oss (IL) me
x is made 
here the 
ture by 52 

mples of da
d together 
and it has
. The IL is 

are the m
e, respectiv
r is measur
mperature 

n behaviou
nstalled is
the A2 siz
PCB 086C0
s excitation

d with the so
by the test s

e are done b
ng the SPL
378B20. D
in Figure 

METAMAT
ypes of res
h type, fi

Bloch-Floq

nces of the
easurement
of reinforc
sample to 
bolts, whe
ash insulat
with a flat
the same
calculated

measured so
vely, when 
red using 
inside the 

ur of the st
also measu
ze acousti
03 and an
n and respo

ound power 
sample (righ

by exciting
L at the ri
During the 

2. The tem

TERIAL DE
onant meta

finite elem
quet bound

e metamat
ts in the K
ced concre

be tested
re a 30 Nm
tion pad w
t 1 mm thi
acoustic w
 as: 

ound powe
excited by

a B&K PP
Soundbox 

teel plate c
ured by im
c wetted 
n accelero
onse measu

radiated in
ht) when ex

g the engine
ght side o
tests the in

mperature d

ESIGN 
amaterials 

ment based
dary condi

erial treatm
KU Leuven
te and has 

d is clamp
m torque is 

ith an A2 
ickness ste

wetted surfa

r of the c
y a loudspe
P probe typ

during the

lamped to 
pact testing
surface. A

ometer typ
urement res

n the KU Leu
cited by a lo

e room with
f the drive
nstrumente
during the 

are designe
unit cell

itions is u

ments are 
n Soundbo
 a 35 mm 
ped on an
applied on
size are te

eel plate, w
face area o

cavity open
eaker insid
pe 2681 w
e measurem

the cavity
g over a re

A hammer 
pe PCB 35
spectively. 

 
euven Sound
loudspeaker

th a loudspe
er seat hea
ed panel mo

tests insid

ed and test
l modellin
used to d

first 
x [9] 
thick 

n A2 
 each 

ested. 
which 
of the 

(1)

n and 
de the 
with a 
ments 

with 
gular 
with 

5A24, 

dbox 
r. 

eaker 
adrest 
odule 

de the 

ted in 
ng in 
derive 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



dispe
this d

3.1 D
B

save
struc
creat
acou
for t
1549
calcu
desig
as th

 

Fi

Fig
the 

 T
thick
of 1 
pad 
pane
struc
samp
reson

ersion diag
design tool

Design and 
y reducing
d in the A2

cture is add
ted by th

ustically rel
the resonat
9 Hz to 16
ulated alon
gned metam

he material 

igure 5: Un

gure 6: Brill
stop band c

Three cases
k steel pane
mm thick s
with 1.0 m

el, a dum
ctures (Fig
ple mimics
nant metam

grams, whi
l, the stop b

Test of Sam
g the thickn
2 size of da
ded, which
e first ou
levant bend
tors. The s
639 Hz in 
ng an irred
material is 
(Figure 7)

it cell (left),
band cre

louin contou
can be notic

lines), th

s are expe
el and insu
steel panel

mm thick E
mmy polym
gure 7) and
s the spacin
material lay

ch are use
bands are tu

mple 1A 
ness of the
ash insulati
h consists o
ut-of-plane 
ding waves
stop band i

the obtain
ducible Br
then realiz
. 

, first out-of
eation (cent

ur (left) used
ced in the ta
he blue lines

erimentally
ulation pad 
, resonant m

EVA and a 
methyl me
d insulatio
ng created 
yer, howeve

ed to predic
uned to the

e EVA from
ion pad. In
of 368 uni

mode of
s of the ste
is identifie
ned disper
rillouin con
zed by stere

f-plane reso
tre) and res

d to obtain 
argeted aco
s represents

evaluated
with 2.5 m
metamateri
dummy sa

ethacrylate 
on pad wit

between s
er, it does n

ct the stop
e target freq

m 2.5mm t
stead, 612g
it cells (Fig
f the reso
eel plate wh
ed by the f
rsion diagr
ntour also 
eo-lithogra

onator mode
sonator arra

the dispers
oustically re
s the in-plan

d. Original 
mm thick EV
ial 1A layer
mple comp

(PMMA)
th 1.0 mm 
teel panel 

not create s

 bands [10
quency reg

to 1.0mm, 
g of resona
gure 5). Th
nator (Fig
hich acts a
frequency 
ram (Figur

shown in 
phy using P

e responsib
ay (right) 

ion diagram
elevant bend
ne waves. 

case comp
VA. Sampl
r (Figure 7
posed of 1 
) grid wi

thick EVA
and insula

stop band e

0-12]. Base
gions. 

700g has 
ant metama
he stop ba
gure 5) in
as host stru
wave gap 

re 6), whic
Figure 6.

ProtoGen w

 
ble for the st

 
m (right), wh
ding waves 

posed of 1
le 1A comp
7) and insul

mm thick 
ithout reso
A. The du
ation pad b
effect.  

ed on 

been 
terial 

and is 
n the 
ucture 

from 
ch is 
 The 
white 

top 

here 
(red 

1 mm 
posed 
lation 
steel 

onant 
ummy 
y the 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



Fig

Fi
vibra
origi
atten
 

Figu
g

In
the o
frequ
samp
the s

 

Fig

gure 7: Samp

igure 8 sh
ations leve
inal sampl
nuation in t

ure 8: FRF o
grid for the

n the IL re
original sam
uencies be
ple through
stop band w

gure 9: IL of
bands.

ple 1A (left)
are added f

hows that 
ls than the
le. Moreov
the frequen

of the RMS 
e original, sa

rec

sults (Figu
mple for fr
low. The s

hout the an
where the fo

of the three c
. The dashe

) and dumm
for measurin

the meta
 other two 
ver, the s

ncy region o

acceleratio
ample 1A an
tangle high

ure 9), the 
requencies 
sample 1A
alyzed freq
ormer outp

cases origin
ed rounded r

my sample (r
ng the vibra

amaterial s
 cases, eve

sample 1A
of the pred

on calculate
nd dummy s

hlights the st

resonant m
above 500

A also has 
quency rang
perform the

nal, sample 
rectangle h

(right) on wh
ation behav

sample 1A
en though i
A shows th

icted stop b

d over the p
sample case
top band eff

metamateria
 Hz and ha
similar pe
ge, except 
 latter due 

1A and dum
ighlights th

hich sound i
iour and IL

A presents 
it is 7.6 % 
he pronou
band.  

points of the
es. The dash
ffect. 

al sample 
as similar p
erformance 
in the frequ
to the stop

mmy sample
e stop band

insulation p
L. 

overall l
lighter tha

unced vibr

 
e defined re
hed rounded

1A outperf
performanc

to the du
uency regi

p band effec

 
e in 12th oct
d effect. 

 

pads 

lower 
an the 
ration 

egular 
d 

forms 
ce for 
ummy 
on of 
ct. 

tave 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



3.2 D
In

perfo
predi
samp
(Figu

Figu

F

Th
exist
prono
reson
total
 

F
re

Design and 
n order to m
ormance, th
icted from 
ple 3A con
ure 11).  

ure 10: Unit

Figure 11: S

he measure
ts in the pr
ounced for 
nators in sam
 weight of 

Figure 12: F
egular grid 

Test of Sam
minimize the
he unit cell h

1246 Hz to
nsists of 20

t cell of sam

Sample 3A 
ins

ed structura
redicted fre
this metam
mple 3A, 2
the 2.5 mm

FRF of the R
d for the orig

mple 3A 
e weight of
has been red
o 1268 Hz,
4 unit cells

mple 3A sho
and its 

installed in
sulation pad

l vibration
equency reg

material case
14 g, which

m EVA. 

RMS acceler
ginal and sa

highlights

f the resonan
designed as
in the sam
s with an i

owing the ou
realization

n 1 mm steel
d installed 

behaviour 
gion. Neve

e. This is ca
h represents

ration calcu
ample 3A ca
s the stop ba

nt metamate
s shown in F

me manner a
insulation p

ut-of-plane m
 (right). 

l panel (left)
on top (righ

and IL sho
ertheless, th
aused by the

a weight re

ulated over 
ases. The da
and effect.

erial layer w
Figure 10. 
as for the s
pad with 1 

mode of the

) and side v
ht). 

w that the 
he stop ban
e lower wei
eduction of 

the points o
ashed round

while keepi
The stop ba

sample 1A. 
mm thick 

 
e resonator 

view with th

stop band e
nd effect is
ight of the a
41.9% from

 
of the define
ded rectang

ng its 
and is 
 The 
EVA 

(left) 

 
e 

effect 
s less 
added 
m the 

ed 
gle 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



Fig

3.3 D
In

show
tuned
from

Figu

Fi
vibra
the p
reduc
meta
band
some

F
re

igure 13: IL

Design and 
n order to w
wn in Figur
d frequenci

m 899 Hz to 

ure 14: Unit

igure 15 a
ation and hi
predicted sto
ction is of 2
amaterial c
d is neces
ewhat sacri

Figure 15: F
egular grid f

L of the case
rounded

Test of Sam
widen the sto
re 14, wher
es, so that 
913 Hz and

t cell of sam

and Figure 
igher IL tha
op bands. T
24.1% of th
can be an 
ssary, altho
ificed. 

FRF of the R
for the orig

es original a
d rectangle 

mple 4A 
op band effe
re each uni
it can exhib

d 1246 Hz to

mple 4A and
and its 

16 show t
an the origin
he total wei
he total we
alternative
ough the 

RMS acceler
ginal and sa

highlight 

and sample 
highlights t

ect, the desi
it cell has 
bit two diff
o 1276 Hz.

d the two ou
realization

that this sam
nal insulati
ight of this 

eight of the
 measure 
performan

ration calcu
ample 4A ca

the stop ba

3A in 12th o
the stop ban

ign of samp
two pairs o
ferent stop 
 

t-of-plane m
 (right). 

mple clearl
on pad in t
sample 4A 

e 2.5 mm E
when a se

nce and w

ulated over 
ases. The da
ands effect.

octave band
nd effect. 

ple 3A has b
of resonator
bands, whi

modes of the

ly presents 
he two freq
is 420g and

EVA. This t
parate or b

weight redu

the points o
ashed round

 

ds. The dash

been modifi
rs with diff
ich are pred

e resonator 

lower leve
quency rang
d thus the w
type of reso
broadband
uction ma

 
of the define

ded rectangl

hed 

ied as 
ferent 
dicted 

 
(left) 

els of 
ges of 
weight 
onant 

stop 
y be 

ed 
les 

 9965427 / 10.90.178.43 / 2019-02-08  15:29  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



Fig

4.  V

4.1 P
To

meta
passe
below

A
of hi
vibra
(Poly
loud
that 
568H
seco
first 

 

Figu
freq

Th
vibra

igure 16: IL

VEHICLE T

Pre-test for
o verify 
amaterial s
enger car. 
w 50% of t

A vibro-acou
ighest vibra
ation level 
ytec PSV-5
speaker as 
there exist

Hz and a fe
nd stop ba
target is m

ure 17: Vib
quencies tog

he analysis
ations at 40

L of the case
rounded

TEST 

 Identifyin
the perfo

samples ar
The reson

the firewall
ustic moda
ations amp
at 1308 po

500) durin
seen in Fi

ts a domina
ew unprono
and frequen

maintained. 

ro-acoustic
gether with t

s of the vib
00 – 700 H

es original a
d rectangles

g the Positi
rmance in
re applied 
nant metam
l to maxim
l test has b
litude and 

oints of the
g acoustic 
gure 17. Th
ant peak du
ounced pea
ncy range t
 

 
c modal test 
the calculat

bration patt
z are main

and sample 
s highlight t

ion of AMM
n vehicle,
 to a fire
material sa

mize the per
been perfor

confirm th
e firewall w
 excitation
he RMS ve
ue to the b
aks around
target is ch

t setup (left)
ted RMS vel

tern at this 
nly concentr

4A in 12th o
the stop ban

M Structur
 two of 
ewall of a
amples are
formance w
med in adv

he target fre
were measu
n in the en
elocity of t
bending mo
d 1000Hz (F
hosen to be

) and vibrat
locity in 130

two freque
rated on th

octave band
nd effect. 

re 
the prese

a diesel e
aimed to 

with a smal
vance to ide
equencies. 
ured by a l
ngine room
he measure
ode of the 
Figure 17)
e 400 – 700

ion pattern 
08 measure

ency ranges
he firewall r

 
ds. The dash

ented reso
engine pow
 cover an 
ll weight.  
entify the z
In this way
aser vibrom

m provided 
ed points s
firewall ar
. Therefore
0 Hz, whil

at two-targ
ed points (ri

s shows tha
right side w

hed 

onant 
wered 

area 

zones 
y, the 
meter 
by a 

hows 
round 
e, the 
le the 

 
geted 
ight). 

at the 
while 

 9965427 / 10.90.178.43 / 2019-02-08  15:30  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



the v
firew
zone
selec
selec
 

Fig

4.2 D
Si

upda
reson
to w
the f
insta

Fi
types
meta
lowe
deter
origi
2401
whic

 

Figu
3B c

4.3 D
Si

leads

vibrations a
wall and in
es to be tre
ction of the
cted areas w

gure 18: Ide

Design and 
ince only 5
ated on the
nator, with

weight addit
firewall is 
ant adhesiv
igure 19 sh
s of insulat

amaterial w
er SPL lev
rioration at
inal and me
1 g, corresp
ch is a subs

ure 19: SPL
case. The ro

Design and 
imilar as f
s to a stop

at 1100 – 1
n its lower 
eated with 
e places to 
was taking 

entified zone
with re

Test of Sam
50% of the
e design o

hout changi
tion of 318
treated wit
e as shown
hows the S
tion pad: th

with 1.0 mm
els than th
t the other 
etamaterial
ponding to 
stantial wei

L on the righ
ounded rect

Test of Sam
for sample 
p band from

500 Hz are
left side (

resonant m
add resona
into accou

es to be trea
esonant me

mple 3B 
 area is co

of Sample 
ing the targ
8 g and a s
th 140 unit

n in Figure 
SPL at the
he original,
m thick EV
he original 

frequencie
l insulation
52.4 % of 

ight reducti

ht side of th
tangle show

mple 4B 
3B, sampl
m 578-607

e concentra
(Figure 17)

metamateria
ators, also t
unt. 

 
ated are ma
tamaterial s

vered with
3A such t

geted zone
stop band f
t cells of s
18. 
 right side
, which has

VA. The res
sample at

es. Further
n pad in the
f the total w
ion in auto

e driver sea
ws a zoom in

stop bands

le 4B is an
7 and 1294

ated on mid
). These p
al samples
the availab

arked in red
sample 3B (

h resonators
that more 
 of reducti

from 1258
sample 3B,

e of a driv
s 2.5 mm th
sonant met
t the target
rmore, the 
e full area
weight of th
motive des

at headrest f
n the freque
. 

n updated v
4-1352 Hz 

ddle of the r
laces were
(Figure 18
ility of flat

d (left) and f
(right). 

s, a detaile
mass can 
on. The ne
to 1365 Hz
, which are

er seat hea
hick EVA a
tamaterial s
t frequency
weight red
of dash iso
he original
sign. 

for the orig
ncy region 

version of 
correspond

right side o
e defined a
8). For the 
t surfaces i

firewall trea

ed size has 
be used in

ew design 
z. For the 
e glued wi

adrest with
and the reso
sample exh
y range wi
duction bet
olation pad
l insulation

ginal and sa
of the predi

sample 4A
ding with 

of the 
as the 

final 
in the 

 
ated 

been 
n the 
leads 
tests, 
th an 

h two 
onant 
hibits 
thout 
ween 
is of  

n pad, 

 
mple 
icted 

A and 
400 -

 9965427 / 10.90.178.43 / 2019-02-08  15:30  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



 700 
140 
weig
corre
great
in th

 

Fig
3B c

5.  C
In

sugg
desig
targe
expe
samp
samp
light
cons
dash
the 
origi
with
risin
reson
noise

6. AC
M

Melo

Hz and 1
unit cells 

ght reductio
esponding 
t weight re

he both targ

gure 20. SPL
case. The ro

CONCLUSI
n this stud
gested for 
gn, the geo
et frequen
erimental r
ples obtain
ples surpas
ter. The d
sidering NV
h insulation
metamater
inal insulat
out NVH p

ng needs fo
nant metam
e and vibra

CKNOWL
Most of this

o is funde

100 - 1500 
of the sam
on from the
to 52.2 % 

eduction, it 
get frequenc

L on the rig
ounded rect

IONS 
dy, severa
attenuating
ometry var
cies of en
results of 
ned in a la
ss the NVH
designs are
VH perform
n pad achie
ial sample
tion pad at
performanc
or weight r
materials c
ation of a v

LEDGMEN
 research i
d by a Ph

Hz as targ
mple 4B hav
e original d

of the tot
can be see

cy regions

ght side of a
tangles show

al kinds o
g the engin
iables have
ngine nois
structural

ab test rig
H performa
e adapted 
mance and
eved is of 5
es show be
t the target
ce deteriora
reduction a
can be rega
ehicle.  

NTS 
s funded b

hD Scholar

geted frequ
ve been gl

dash insulat
tal weight 
en that nois
as shown i

a driver seat
w a zoom in
stop bands

of resonant
ne noise in
e been calc
se by usin

vibrations
, it is fou

ance of the
to be test

d mass add
52 % of th
etter noise
t frequenci
ation at the
and noise a
arded as a

by Hyundai
rship Scien

uency rang
lued on the
tion pad fo
of original
se transmis
in Figure 2

t headrest fo
n the freque
. 

t metamat
n the vehic
culated to 
ng unit ce
s and sou

und that th
 original in
ted on the
dition. The

he original
e attenuatio
es due to t
e other fre
attenuation

a significan

 Motor Gro
nces witho

ges. Simila
e marked z
r this samp
l EVA. In 
ssion is slig
0. 

for the origin
ncy region 

erial desig
cle cabin. 
tune the st
ell modell
nd insertio
e suggeste
nsulation p
e firewall 
e weight re
insulation 
on perform
the tuned s
quencies. C

n, it is exp
nt counterm

oup. The re
out Border

ar to Figur
zones. The 
ple is of 20
addition t

ghtly attenu

 
nal and sam
of the predi

gns have 
For the ch
top band i
ling. From
on loss of
ed metama
pad while b

of a real
eduction o
pad. More

mance than
stop band e
Considerin

pected that 
measure fo

esearch of 
rs CNPq B

e 18, 
total 

079 g, 
o the 
uated 

mple 
icted 

been 
hosen 
n the 

m the 
f the 
terial 
being 
l car, 
of the 
eover, 
n the 
effect 
g the 
such 

or the 

N. F. 
Brazil 

 9965427 / 10.90.178.43 / 2019-02-08  15:30  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 



(201414/2014-7). The research of L. Van Belle is funded by a grant from the 
Research Foundation - Flanders (F.W.O.). This research was partially supported by 
Flanders Make, the strategic research centre for the manufacturing industry. 
Hyundai Motor Group and the Research Fund KU Leuven are gratefully 
acknowledged for their supports. 

7. REFERENCES 
1. Mallick, Pankaj K., ed. Materials, design and manufacturing for lightweight vehicles. 
Elsevier, 2010.  
2. C. C, Claeys, K. Vergote, P. Sas and W. Desmet, “On the Potential of Tuned 
Resonators to Obtain Low-Frequency Vibrational Stop Bands in Periodic Panels”, J. of 
Sound and Vibration 332 (2013) 1418-1436. 
3. C. Goffaux, J. S´anchez-Dehesa, A.L. Yeyati, P. Lambin, A. Khelif, JO Vasseur, and 
B. Djafari-Rouhani. Evidence of fano-like interference phenomena in locally resonant 
materials. Physical Review Letters, 88(22):225502, 2002. 
4. G. Ma and P. Sheng, “Acoustic Metamaterials: From Local Resonances to Broad 
Horizons”, Science Advances 2(2), e1501595, DOI: 10.1126/sciadv.1501595. 
5. A. O. Krushynska, V. G. Kouznetsova and M. G. D. Geers, “Towards Optimal 
Design of Locally Resonant Acoustic Metamaterials”, J. of the Mechanics and Physics 
of Solids 71(2014) 179–196. 
6. C. C. Claeys, E. Deckers, B. Pluymers, and W. Desmet, “A lightweight Vibro-
Acoustic Metamaterial Demonstrator : Numerical and Experimental Investigation”, J. 
of the Mechanical Systems and Signal Processing 70-71 (2016) 853-880. 
7. J. Jung, H.-G. Kim, S. Goo, K.-J. Chang and S. Wang, “Realisation of a Locally 
Resonant Metamaterial on the Automobile Panel Structure to Reduce Noise Radiation”, 
J. of the Mechanical Systems and Signal Processing 122 (2019) 206-231. 
8. K.-J. Chang, J. Jung, H.-G. Kim, D. R. Choi, and S. Wang, “An Application of 
Acoustic Metamaterial for Reducing Noise Transfer through Car Body Panels”, SAE 
Technical Paper 2018-01-1566 (2018), doi:10.4271/2018-01-1566. 
9. M. Vivolo. Vibro-acoustic characterization of lightweight panels by using a small cabin. 
Diss. PhD Thesis, Arenberg Doctoral School, University of Leuven, 2013.  
10. L. Brillouin, Wave propagation in periodic structures, McGraw-Hill Book Company, 
2nd Ed. (1946). 
11. B. R. Mace, E. Manconi, Modelling wave propagation in two-dimensional 
structures using finite element analysis, Journal of Sound and Vibration, Vol. 318, No. 4, 
(2008), pp. 884–902. 
12. F. Maurin, C. Claeys, E. Deckers, W. Desmet, Probability that a band-gap 
extremum is located on the irreducible brillouin-zone contour for the 17 different plane 
crystallographic lattices, International Journal of Solids and Structures. 

 9965427 / 10.90.178.43 / 2019-02-08  15:30  (UTC+9) / 본 문서는 현대기아자동차의 사내한 등급 이상의 정보자산이므로 무단 전재 및 복제할 수 없으며, 위반 시 당사 사규 및 관련 법규에 의해 제재될 수 있습니다. 


