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ABSTRACT

This paper presents the first attempt to optimize the nonlinearity of flexural vibrations in thin
plates using topology optimization techniques. Nonlinearity in the flexural vibrations of thin plates is

characterized by an increase or decrease in natural frequencies in the frequency domain as the ex-

ternal force or internal energy increases, a phenomenon known as hardening/softening nonlinearity.
This study adopts topology optimization techniques to identify the layout of thin plates that either
enhance or mitigate this nonlinearity. The nonlinearity of the optimum layout was verified through a

nonlinear frequency response curve, obtained using the harmonic balance method.

1.4 &

RE FRBE Aoz ZAEH wAGYS
WEH AW, T A 1 ol
ek WA Jae 3 mss] il
FAEY BAEHE sepsie meed g
SEv velAE EE vhe 27)9] FRBAE A

PARks adsiA = At 5454 getsr] of
HA Hol do] Ay A 4 5SS agslof g
oD, FAgEel A aslof sk vAPAY EAE
& FxE rAA@ bifurcation®, oJA]-Fu=
JEAW, YHEFZ O it gibg oz ujA
FAA 4 5HE o] 4FS Fo|7] Hg 559

—-

Corresponding Author ; Member, Department of Mechanical Engineering,
Dong-A University, Assistant Professor
E-mail : leejongsuh@dau.ac.kr

458 | Trans. Korean Soc. Noise Vib. Eng., 34(4) : 458~464, 2024

dom oAx gon}, HTole 4 HAEAAS
283t MEMS FA & /MEshs A7 A= AT
o] A= gk Wao A LAskE v S st
= A7 BE s B As 5AHoR
o} gFe Habo] WAlH oz 7HX = 57 nAgA
A3t vy os Y oyA 9 ejR 3l F7]
upe} fRlE7E Sbekeh sk vaAdEe o
A 7lEHIAEd o m FREo] -HEFA FHE
(mid-plane)ol| A 2] A1 (stretch) o= 213F A5

ZAERE 71980, ghe FRol A B
2 o)Al O g
o9, o] wRelq BHs

o 570 To
olg sty A3 MAFY) ArE vepje
Ag4e waddeln gejaigdrh A W

Recommended by Editor Seunghun Baek
The Korean Society for Noise and Vibration Engineering


https://crossmark.crossref.org/dialog/?doi=10.5050/KSNVE.2024.34.4.458&domain=http://journal.ksnve.or.kr/&uri_scheme=http:&cm_version=v1.5

Jong Suh Lee ; Passive Design of Nonlinearity in Specific Modes of Flexural Vibrations in Thin Plates through ...

3k E-shgre] Wz B4 (adjoint variable
method, AVM)S.2 331t} wkef B4 o] &
] H]’ﬂsﬂ“ %‘ 73-‘4 % Fetr7l= HAAEAAE ¢

717v F7Fel w27
%{ Fae] A7 F
orstrl 7=
7R o] g7]9] F7t
ojt}. o] AFtA= HAS AE 71:%0}7] HOH
" A8 F3}4 § A% (nonlinear response curves,
NRCs)E &RIgtt. o] MAEE 3l o 7px1go| u}
Wsls glE 4= 9l HV\“%] T}

el ol o

o] Ao Sk Hite] f3tas RUHS 9
3 von Karman H|A1E WHIE-HY ¥

3} ol AHg3Sict.

ou _Ow 1[ow)?
ox on* 2\ ox
P o b 82w p_J1(ow 2
€, = T T T o [ T
Yy oy 2\ oy
ou | ov 92w ow dw
9y ox " Toxay ox Ay

()

o

o7]14 g¥9l efi= ¥ (membrane) W& &I} A
g w3y WgEl, ef= ]5} LIRS “%L WY E

gl

H 2%(transverse)@%’% olt}. oF
& Buel 25 WAL 3 RelzrE fE
7}

SU+ST= oW )
ol7]A,

oU= set ™ Deb +oehDel +oeh/Deb|dA  (3)
A1 +6e8MDel+0e D'l

8T= f oh [ duai+ dvv+ dwiv] d A (4)
A

0
f,(z.9.1)

SW= 1 6u év sw f[N]T dA
A

~
%)
~

A@A U, T, we A 8
ol 93t Mot A el
A (3)~ ()l HeRHIY. Do} D= 242 79
A3 #3874 Bdolth. A= WAoIH, o} i
7tz A 2= Ao, N% 47 ¥4 (shape

AgrolMes - 9% F
AA LS vepdich A (1)S 2 @)l sk Hu

WeE A A (67 & ¥ WAl

L

M,r,+C,r, +K,;r, +K (w)r,=f, (6)
o 7] A,
K (w) =K (w)—2K,(w)K? K,(w)

KL:I[B’;T D’ B.|dA, K{:f[BgT 10): !
A A

@)
1 7
oW G,
— T
K, —L BID| Ly i ||dA
WTGM
%WTGI
— T
KﬁfA (6w G'w(G”, +G,,)w)D Ly, ||¢4
WTGW
©)
4 @014, M3} r& 77t A% Pest S5
o, CE 74 oItk kA wh FBFS
b, K3t K & 717 49, i8S 39 24
gdolt). o714, vAE A4 d4S -3 W

H
e o] o)x} g2 RHECh wAY A PLe

Trans. Korean Soc. Noise Vib. Eng., 34(4) : 458~464, 2024 | 459



Jong Suh Lee ; Passive Design of Nonlinearity in Specific Modes of Flexural Vibrations in Thin Plates through ...

A FEle A (DolA eI 71, K=
r,, 2t AEAAAS] vdE A4 Ao, K, = 1,
B oAt RA R E“?‘ift]% HAE gdolt). o]&
of ZpAE Y A ol o, o714 44
B9 G&= 65}" gk (shape functlon)«] Tk gk
= AoR A} 4 B3)e =

o] FA=o the AT el
]5101 Atk FEE L, 2 (6)°

(=N
o
=
1=t
2
Lo,

m Ho
oftt
o
oxl
>,
>

o~ °
S
He Ho
o
i)

flo of of

fuf
X
o
2
o
¢
2,
-
\
ol
o
e
1>
©)

W3k 7hssi

g, wq, +alt) (0,0, 0, 0,)q00, = 0/F,
2 (9% p WA Bro] @
A F3@3E Aot} of7]A
L, ke MR EE e
1:11:63}\1-0]\:]— afﬁ’;ﬂ: 7HHﬂ
dg o] HAEgA
A e el 2 (10)% 2ot

0 = <
[rrle ol
o oF
E—E ol
Y >,
g Mo
O
Rlong
o o2
1R
=

P
M r

*J(coupling)

o]
= Yepje e

At
[4\1
L7

oxl
1‘

z;k =0, ‘V’VLd)k )
—¢,,(v4(¢i, 6,)— 27 (6,)K" 'v,(6),))o,

1 1
*Kz((b?) Vv, =
q; 4;9;

where vy, =

K, (0 ¢;)
(10)

ok | RESo] 7 B
rated mode), &+ W] A (w
o

Aad 2 9 4 1)

2] 5o
eak nonlinearity)E 7}

| &4 7Fssi.

AT (well sepa-

=0/t

g, efg, T (0,,0,,0,,6,)d =o,f, (11)

duffing equation?] 3 Ej

RS R B
% 3% AR AL THoa g o Aol
TS B SHREY HAYY S 245y
1l 3ok
460 | Trans. Korean Soc. Noise Vib. Eng., 34(4) : 458~464, 2024

3. 253 2|
3.1 Zxst 28 Yeolob MA nizE
oI gl g el 54 el MR

A
EERIGEIERE R B BL)

+c +appp/w —ifd) \U\L(d) 9, )4?

D

s.t.: V;nin = V(p)/V - de\(’ |w
0<p =1

/w (pmmal | =€

2 (12)90A o= FHEFR +/- F b
A o) gt njdgde) Aslerals fEska
xmﬁq A7) el /et= A (11)elA 32 1A E A

& AT BEl] AR Yo md i
233% UERT:. o= W= 7)9E 9dH A ste] A
HaEolt}, o] AeflA molSto] o] A3} s oM =

A o2 W RS DGAE AP T

o
_0|L
N
fo fo
:oé
ooz
rlr
il
)
rE
¥
2

de 1 9V,

E¢
Kb
A wgaM_a L o,
P\ " op.  op,

(13)

2] (13) A AWSo] o
71 A g UHEE
AFER 2 (14)9] HAE

wM—K} 2Mo, {,\p}
2w,0, M 0 ],

1
I

7OV L
V4 a(bp

o

¢p +2vy A'Lq)p]

®) /3
2appp/ u‘)p



Jong Suh Lee ; Passive Design of Nonlinearity in Specific Modes of Flexural Vibrations in Thin Plates through ...

3.2 e 3 (filtering) & ol 74
(parameterization)
o] AFeA= dr7|Rke] $FH A8} Aol A
A= BAS = AAREHEGFS AA B AA
7171 Y& d=7d d5E ARSI

153}

N

> w(x;)v0;

~ IEN,,;
0= e \Where w(x;)

Y. wix;)y;

JEN,
=r—lx—x,|

(15)

o= HEHE i WA a9 Wrelth w(x,)E
VoA R A FEls A 15l 9r1E 3l
th, A71A & A= FE O] o], W x|
o x, = 7 HA QA9 WA 840 JAHEEO]
b= i WA Se] AFelT N = WA 24
| BEje] Wb ool LA AR 25
YeRdth o] ATt HAs A4 T A
E0] 0, 10] opd B3t Fhgts 2t 9
= §°] 7] s dAIEE F9 ZE(threshold
AR T,

3
Ll

AR x]

oy N
P

o
=
o
T
o
1=
projection filter)E

— tanh(87) +tanh(p (56—77)
e tanh(87) +tanh (8 (1—7))

(16)

dee AANFE 4 AAdsR 5
FoddyolA Aode AR o] A+
= AQsgith p= FRZHY A=
7]%7]% zAse WFEE gowold A (16)
281%kp7) ok o] ATl M e HAs 34
o] #h& 158 Alste] v 30l sfAnict
ZINRIL NG B, =64 AT 2

714F S A= A 2459 9&(Young's
modulus)¥} ZeF WEE Ee4 HAMTE ARES]
B 98y A3 dxe] Bikae A (17)3 2ok

J

fi = off g o 2 &
X, r2 :
ol\ —IW

= =D
ffe:pe (EI_E))+E0’ Ye = P, (7’1_7’0)+70
7
B9}y 383 AFUES Uehitk S 13}
02 747k A a7t A g duel FS4EE U

ERH, £, =107« B, 7,=10° « 5, #A7}F vk
o] Aloj|A] AbH =} Pkg]r b o A3} Agko] 283}
= 99 E A9 (penalization factor)Z Fg&& A
oA A A mEFFe] Ags r9E ARSE
| Al E p, =37 p, =18 ARSI

o

ShA AAEE A 3te
Fig. 19 Holz &dta

g A AY Y] AHEE B BRAE
W7190) giek o] FAANHAE A AAs A A
A mEse) MARAS Adlar) A ARUAE

zleggict.

Fig. 2& 3 "AS) et Al HA o) REe] e
ol ehollA Augzol gk H3telA] LA E=
AL F2Eo] g-HEAl W (mid-plane)
o o] AlA(stretch) 0.2 Q13+ HekgHo| Zria ik

B 7198t ole Welk 2 AAN wshe
Aol ek MRS EE R Ao 91A50

A Aekgo] ZF743it) Fig. 20] 78 REEo W
g PApo| A r BRG] 2 A= A A s
2 %7890, HYE AN ZEAo] ofF &
AA= Al vz q7)18dt) o] dAldA = o]
REE HAZYE A7 % JHAAE
sl o]Ae A (12)elA +3359 Ae v
1#E Aol dukd oz gko W YA Aoz
g} vAEAe 7R e o] YAFAsE 53 9
L 0.3m |

0.1m

Mass density = 7750 kg/m?
Elastic modulus = 1.93E+11 N/m?
Poisson's ratio=0.31

Thickness = Imm

Fig. 1 Schematic diagram of a clamped-clamped thin
plate and its material properties
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Fig.2 The first mode shape(top) and the third mode
shape(bottom)
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Table 1 The sensitivities estimated by the AVM Eq. (13)
versus by the FDM

AVM FDM Error [%]
-8434688.82 -8435650.46 0.011
-5919363.77 -5918966.21 0.006
-19266242.8 -19264043.5 0.011

-5919362.8 -5921317.8 0.033
-8434687.81 -8435257.69 0.006
-8455452.28 -8455446.39 6.97E-05
-5768988.81 -5771214.04 0.038
-19257163.7 -19256256 0.004
-5768987.88 -5768803.58 0.003
-8455451.27 -8455605.02 0.001

volume fraction

. o

R 0

o 50 100 150 200 250
number of iterations

Fig.3 Optimum layout and history plot for the first
mode
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