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F1E
FF &

1.1 ARERELEW

T AZIEATT A, 8, B, LIX, MR ERE LN LERLSEE
THRA LS FIHENTWA[L-1][1-2]. H T ZADRMIIAEX Th D), EFOAFRA
HDO & LTEEBOGEAMENRZRE T 6D, ZHUTEMSD Si02, B0s, ALOs %6
720, AHEYE AR, BEL LW edIiciE 2 5. FafE FoRRTE LT, BED
LG INFET oD, &b a0 fiEE Ch 28 aiE TiE, BEEREE 2 IR T
BT L, IR L, WAILIERE R T 7 AT 5. IRE EFITEN
KENZALT B 720, BERIEICE 2MINES THDH. S, ML, b5
PELFIHME E. FHATE LCE, ZTO8IMEN NS SHIELSST W L0835 5.
ZDTD, T ADHEMAVFFEIC T 2R E T, T T A~ ) A O EE
BEAOMPEIZE T2 & DORL O [1-3]-[1-8]. ZNLDOREEEE 2, ¥T7 ATy
Tl & LT, IR AL A R L 2N O ERRE OB AT S D 2 LR
FEAETHD. —F, L CTIIBAERET, TIARRAVEIRL T 7747
CRHT BN R OND L2122 oTE. LnLann, FWEMEEZRT T
AN W THREN R & - TR A 1T R S 72 577, T AORENRHEZ B 5 2
THOMLEEREE > TWD. RO BHIE, HT AL OREN R 4 Bl &
BRI OIRGE L, BoBaXat FIEEZMHLTHZ L THD.

1.2 EHERF LS ANRILOREIBEEE

Bt 20 R, HEm RS ORI NI RIS E o 72 2 L CHIUE, #4E
RO & A CITEEER, WhWH AT — F 7+ URERICR S TND., A — |
THUNE, ANTARA AL LTHT AR —RIL LTS v TRV EHH#H LT
W5, Xy T RRVIREE BICB SRR — =2 5 Tfiiu s Z & T,
BIEESNADDOTHD. ZOR, =2 —F—XBZOANBIENER LIZELBVIC
T ORI ENE, BEERRE L THRT 50, &2 WITMEREIZ XK o THIk


https://ja.wikipedia.org/wiki/%E7%AA%93%E3%82%AC%E3%83%A9%E3%82%B9
https://ja.wikipedia.org/wiki/%E9%8F%A1
https://ja.wikipedia.org/wiki/%E9%A3%9F%E5%99%A8
https://ja.wikipedia.org/wiki/%E6%B6%B2%E4%BD%93

THZELERD., LOLARRDL, BEREEOLNZWVWERE CHRIELZ LW o d5EE0
bo. Fl, HEEPNESCEREICE > TIRR, TR TN O R #2254 03
HbH., TIT, INOLEMRTOMEEE LT, RICEDMERFIEZRALI-EE
NEFE SN TWD. ZOoHIcE, 22— —DANBREERIZY v F IV HT A%
REISH T, 2—F =07 4 — RNy 7 T O E AT A B < FET
L. LU D, MNLSNT&ZG HIENTFELRNED, Xy FRENTTAD
T RIREEE NS S N TV, 207w, B ET DA I BRI 2 2
TTO DR DOFEREZEVIKL, hTA T2 FZT—THIEL TWDDOMRBLRK
Thb. £i2, 7 AFZOWELLTWHEND, &FCEAMBHI I TIES)
DEMRFAN R IR T IR o T, DD, HT 2O EIEICBIT 5 HF
FEEIL, AN AMRBE EA~DOMEIZET 2 b D NE L, T T ARV OIRENR
PEICRAT NP 720, 22T, AR TIEH T ALV OREIRHEICEIL, #
T AW, BREVREE, SRR, BhRVISE, RSB OB CHRET AT o7, A
TERERIL, A~— b7 x>0, ¥ 7Ly MK, ROEBEDPEALR Y =T 77
HERE OMRER EICRKWICHEIRRT 2 b0 5 2 5.

1.3 BEOBE

KRawsClL, 7TETHRESNATEY, BEIEILUTO L1225,

FLEIIFmTHY, KO EREAMNER L%, EHEREE T T A xL
DIREEREIZ DN TR, FEOME 2 Fd L7,

2T, HEA IR A 7 A0 B HiEEEEZ B L. TT 2137 E
VT 7 AREEN S D T2, B IR R O AR AT D NERD D, F T,
UTAEBRFEN A T2 D = 7 T 7 VSR IF RIS U TR A 2RTBIR D & FRR VT 5
AMERENTWD. & 2 TARIFZEICHW D AT 7 20K, BEHIZER S
LZENRRBZVIENE, BHF, BF, BIUOHEBEL, ZOEAREGELE E—
RIAZHOWT, ABRZEZEE (Finite element method : FEM), Rayleigh-Ritz 353 J OV
BRIC KD BGE LTz,

B I3ETIE, HT ANV OREIRE 2 (7] £ S5 720 OREFERICE LTk L



Iz, A== 17 F DT ANNFE, SMEORAET =72 L > TRIEIZEE S
TW5. ZLTC, BT AL RET 4 AT V—DORFEEELRNEDIZ, TR
NNV OAEIE S ICRE L2 THIER 20 E WO iR D 5. £D7), +537
REREZGL N L. 22 TRETIE, REIT A XEBE N VAT 2
— Y (Piezoelectric Transducer : PZT) L, ¥ I 2 L —3 3 & E— FEITIEIC
£ % RN HIRBY IR 23 5 20 3R ITAF B 1 D IREIE IS DV TRERT L7z,

HAFETIE, IREL WD T ANV DOERFIMIZONTRIEKR LI, A~v— |
T A DHTANRENE, WET T Ko CHEBARKICESEINL TS, WWET
— 71, WMERICIE D D 72, H T A SFOVJE B O BT B ) A B R A b
FERIZIT—E L. 22T, KRETEV I AR VEBMEZEES 257 —7 %
HEEITR L FERXRZ AT 2T & HE LT, Rayleigh-Ritz it HWTEREHF
W OIRENVFE OBEGRAEAT, BUEMENT R L OVERZ1To72. £, EBRTH LA
AR ZHNT, WET -7 DENEBZ L RIRRFIETHLBIHT VLAY X
2 (Genetic Algorithm : GA) TRIE L7=. 728, EAEENE L EAE— FOMEIL,
FBRE— FEITZ W, 618, RFEOZAMELZHERT 5720, F O ER
il e & BIERLRE SR & LA ARG L 7.

BSETIE, HTANRKEHRRIE L & & ORBFEA TR LT, EEOR~
— F7 4TI, MHRT DIRE)T A RET 4 AT V=R EHEFE LRV EL ST
Yo7 MIERENS I, T ANV OSNEE  AZEARRICEET 2008 FG21TH 5.
FO7w, FEEICRGICHEA LT\ 5 PZT 2 8E L, EARNHEC X 2o & Eusx
A B9%L (Frequency Response Function : FRF) DORiat a1 T->7-. 341D, FRiRHY
T 7V T AR, B ARETRE LIS T —7OIXRERZ MW T FRF &
RKdBH. ZULT, BUEMNT & EBRAER G, BMSFRREOLA & ik U CTREEE
ToTo. BRBITIRA L BUR 22 2 72855 O FRFE ONLEMKRFEEBLL LT,

FBOEWTIE, AVv— R 74 DFyF A NVMADI Uy 7 &L LT,
A= KT DH v FRFNVOBEIEEIZBNT T —FR— RO X 5 2R &
EHEANTADN BB AEMHITR DT 0] 52 THHREELICL > TR O ONREEL
W EREPERTE LTETLNTND., ZLTC, ZOXIBRRENEL DIFK L



LT,

WB RSB THDH 7 ) v ZIEORIMMBZET SN TWD. 2 ZTlE, FOfi

REL L TIREIIIC L 2T 7 4 — RNy Z IO THELE L.
FTEL, KaXOfm Tdh, FEOMRKZE E LD,
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Wk ENBBI =2 T AMBLORGR, 2EKT 7 X5 L 1765 HE 5
£, (1994)

Behr R. A, et al.: Structural behavior of architectural laminated glass, Journal of
Structural Engineering, ASCE, Vol.119, (1993), pp.202-222

Duser A.V., et al.: Analysis of glass/polyvinyl butyral laminates subjected to uniform
pressure, Journal of Engineering Mechnaics, Vol.125, (1999), pp.435-442
Rahul-Kumar P., et al.: Interfacial failure in compressive shear strength test of
glass/polymer laminates, International Journal of Solids and Structures, Vol.37,
(2000), pp.7281-7305

Asik M. Z., Tezcan S.: A mathematical model for the behavior of laminated glass
beams, Computers and Structures, Vol.83, (2005), pp.1742-1753.

Asik M. Z.: Laminated glass plates: revealing of nonlinear behavior, Computers and
Structures, Wol.81, (2003), pp.2659-2671

Ivanov V. I.: Analysis, modelling and optimization of laminated glasses as plane

beam, International Journal of Solids and Structures, \ol.46, (2006), pp.6887-6907



F2E
BRRGBREFOH SR/ RI)L0O BHREFE

2.1 #8

R, EHmRIIAS— N7+ DL 9 RBEERREZREHICY =7 7 7 ViERZR
E, BxABOEENHEBINTND. LT, WMEKDT 4 AT L—HT RLE
DODHBBLOTFA ST L VA RIBRZZR LTS, £, WM RKOT 4 27
V=BT AFH yF AR E LTRIAESND ZEREL, TOMINERE L L CTIRE)
ZRHA L CAM N ORAZ 2 —F —~l@ad 5. —RIOICKOEA EEEES L O
AE— NIE, MBI OO L REFFIC Lo TRED Z e O TND. £
LC, RHEHRDIRENENT 2o 125 IR HHETZ IN TN D, EHRUSNDOE
RTIE, MZEEORET LV E L TOBERHRBRZOMENREZ FEM (FREHRE)
WZ X VRN LT e o D [2-1]. F 7=, PATIUIAEM[2-2], ALY OH DB
(A = V) OIREN[2-3]°A T T & R o T2 ZE AR O B IR B [2-4)l2 DV T H
HENTWD. BTk, B A BER[2-5], Fl#EEH[2-6], A fLHR[2-7]0 5 H H
5. SOICHALZR YRR D FEM il 21T > 7o iE S & 5 [2-8]. T fth, Hiik
XFTTOELE, ME, FHAERICBWT, KEHERZ N2 5N -EA BB
DO FRFIHREN[2-9], BEEAD IO IR Z 22T TR ITTEAR OHRE) [2-10]12 DU T OHFFEER
HERHD. LNPLeRL, Zhbidndineg FRPO&EAIRE L TERY, T X
PRV OIERENZBEE T 2 BB ROMIEIRIEE AL RZT 5T, Inaba HIZ KD
7 ZMROLHER[2- 1] RO ORETH DH. £ 2 TRETIE, xR T Z 2
IRV O B HIREVREIC DWW T, J2BR & BRERAFAT O ILERGE AT O . AFSEIC WD
T ARIZNVOIRIL, EHE, EFE, 6%, MEL L, ZoOEARHEEE T —
RFAZ DWW THGET 5.

2.2 HS5AMEDETIVIE & ERERET
THERGLEYICHH SN DB RMEOE T T 1L, O EA—2 —OHIAT
BETHEFTHY, ZHEMRET I 7 AD X I BRI NR 720 [2-12]. ZDOH T 2D



(CRIT DBIANEE, BT ADORIEHECIN T L i, B S o TR
AEIcxt L CEEREFI CHDH. —MIZH 7 A%, AHAIZRRTESIEGEZ b ol
%ﬂ%%%%ﬂbf@%hépml:@@@%ﬁ%%@@,ﬁ?,%mﬁ%ﬁﬁﬁ
HIZOWTHH T RTEFH R ERT.

BT ADONEEGEIL, G s B2 T7EL T 7 2, T2bbLEERTH
5. HEEOSREE LT, Hiofs & SIS S T Db [2-14]. FMEEE, 4
7 AT RIBEINC 35 2 BAAIAEIE O M ERBERE IS 7 AR S &, 2 O HLEREERE E
EDORDRENRY FE LTV E0R EOPIERE DR ChH 5. WgEEIL,
T A LR DS REENER) 72 KB A R T O BRME L REYE, E7 T T AT 5 BLA
DFHliCTH 5. ZALHEAY - B I AICBE L TV 5 72 D ORI & M1 &
HTHHT D Z ENZV[2-14]. AWFZE TG E L TWDEERTEREH AT 7 A/ x 1z
ONTHE, B A~OER E, BB~ =— XRIEFITHR. £ B R T
W, Ny IWNRETHELZZITD, £ FICK DS, g It
LTEETOILENRDD. 209 HLHMERICOWTIE, MEHER & SR O BIfR
% RO DML T 0TV 5 [2-15].

IBIZIRARTZZE DT H T AT, @RSSEEHE L BT ' 7 7 2 (BIETR) #
ETH D, ZOORFFROEREZEN T A SRR LT, @RS % 0 B iE
RAOZRYMEEZ RLLZNERD D, Tebb, UNEROBBAREE (2 7 v R %
DFEEREEE (7 v i) ~LEHATE 5 pER LTI bW, 22T
KRETIE, BRxRIBIRZFFO—IKT T ARV Z BRI, dfh A REREE Y v
EIZ XD IRERNT 21T\, FEBRE — NARATIC K 2 IERE R & ol U C, difeii /)

W H O YA R T 5.

— RN EE LM FF OS2 FERANICEBL L L 9 & LT, FEERICITmHME Sk
LY, TOREBNREBOICHMETE /2. ZOOARETIE, BERAGHEOKESL
WHPET D720, FLBBEON T ARV OFRAREEE L OFEA € — NP2 R
EHEICI VRO D, WO T T A RFADIIR &R E2 R 2-1 (ORT. v
JHTL6GPa &L AR T V0231, —INe T AOMEBHEEE AW, E£2, &
FE 252 [ OW T -HE L EEO RN S HEH L2 EE vz,



FLRK2-1DNT A —=F ZHWTEAERHE L, FEM > —/L{Zi%, Pro MECHANICA
(PTCH:) ZHEH LI FEMIC L DY I 2L —a v &iTolz. £/, EHFFLES
FEAZ DWW T Rayleigh-Ritz 5D 2 = L—3 3 » biTo 72, Ritz IO FRGRARHTIC O
WU 4 EICTREL S RT

2.3 BHXEOH S RNRRIVIZHT HE— FEHTEER

FEBRITERE — MEITEIC L VT2, EROBIERIZN 2-1 127 T (@)1 > 737
Myv<w— (hBFHIER, GK-2110), (b)n#EEfE& ¥ (PCB Piezotronics, 352C22),
(CFFT 75744 (NEFHIZE, DS-2000, 7 k7 = 7 : Vibrant Technology,ME’scope
VES) &M\, &7 A RF LV OFTBIMES, BN ZK 2-3@)~@)icr~T. K
2-3@IFIEEFEOLETH Y, HEED 4 %558 %5\ o & X2 TE % 5x5=25 D43
MRTIHE L=, F£72, X 2-30)IxEAFEOLAETHY, Milxw 5%, K% 5%
T DRREBINZE EITTED 6x6 = 36 DNELETIME L. £/, K 2-30)ixH
OLETHY, LK, TEZENEN 4FESTHRALEZ{ALERE, LEER
X FIERICATICE S & 40T D8 %25\ & 1T TE 5 5X5=250 73R Tk
L7z, 612, K 2-3d)ixMEOHETHY, ¥&EE 4% LAzl 5 4 DOJF
D e, BlME 85T HHEAAL DORAER 8X4=32 L FHLREIMZIZEF 33 K
TR L2, 7 — % OBIGHIZX 2-1()D AT N T LT F T4 B Tiro 7=, dHlE%
AN A% L C 5 B OFTEINIR 2 Fki LSk L. £72, IdE & %X 2-3(a)
~(ANRTLE TH T A LRI EE LRE L.

FoM ETITEAOTZOFERIZH BB RRMFITEITE RV, KR TIEN
2-2 \ZRTHRIS, T ARFN D=l a7 — 7 TS, it 227 v 71
R MAHT HIETHEmREEE L. &0 7 AKX VOl = AOFEEMEE, K
2-3(a)~ (d)IZ7=" .



Table 2-1 Sample parameter

Plate shape Size Mass Density Young’s Poisson’s
[mm] [a] [g/cm?] modulus ratio
[GPa]

Square 198x199x1.75 174.0
Rectangle 198x132x1.76 115.9

) 2.52 71.6 0.23
Torapezoid (100+200)x200%1.76 133.1
Circle R=100,t=1.76 139.3




(a)hammer (b) accelerometer (c) FFT analyzer
(Ono-sokki, GK-2110)  (PCB Piezotronics, 352C22) (Ono-sokki, DS-2000)
with Modal analysis software
(Vibrant Technology, ME’scope VES)

Fig.2-1 Experimental set-up

Fig.2-2 Measurement hanging on elastic cord



(a)square (b)rectangle

VL

(c)trapezoid (d)circle

Fig.2-3 Measurement positions
e excitation points, x:observation point, === :position fixed rubber band
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2.4 BITHRREEROLBLEER

] 2-4~2-7T 1285 LIRE— RS 6 IRE— RETOR AT T AR OEAEMRAT & FE
BROAE R AR

X 2-4 [ ZIEF TR A B G E Lic 6 OB ARG L e — FERERT. 1
17 H 2% FEM(Pro Mechanica), 21T HZ2S RitziEIC LD I 2 b —ra VR TH D, 3
TENERRERETHS. F2, £ Ial—r g TELNEEAIEESRO FEIC
1%, ER TR LN EAIREE & OFRZEZFLHE L TV 5. FEM OFRZEITHK 0.51%,
Ritz (£ DFAZEITRKR 313% & 72 oTz. W& & bRRAEN T2/ S KEED BUER
PO T, — R H T ADY  TREMEH L7, ZTZTOmMYIalb—y
a YOBHITHECE v, —J, E— FERIZOWTE, WiyIab—ray,
FERFE RS QU LR O, 20, EREROSE 5 kE— KTIE,
Vo b—va VR EORAR D IIRNBINT-. 2L, BUARNLEORVSIC
L ABOWREMENEZ bND. £, Ritz EEFEBROE 2 kE— FIRIREZHRHT
E/phodz. Ritz JBHZBELTIE, vl 78 EORETHD. Fiz, EBRICELT
%, BHSORNGORENREZ LD,

X 2-5 (3R AFERE HBE LIZBA0BEARE KBS L0 — MEkerT. 1
17 B 2% FEM(Pro Mechanica), 21TH2 Ritz I LAy I alb—ra VERTH S, 3
TENERERCTHS. £/, £ Iab—var TELNEERIESRD FEIC
X, EBRTHOLNEAREE L ORRELZ T L TV 5. FEM OFEZEITR K 0.64%,
Ritz £ DFREITRK 085% & 72 o7-. WHE & biRZIT 00/ & KHEEO RUWETR
PRELNTZ. = FBRIZOWT S, WyrIalb—rvay, BRERE BHEELE
RGBT

X 2-6 IZEHRE H G & L7ca OB AR L0 — FERERT. 117
H72% FEM(Pro Mechanica)iZ k5> I =2 b—3a U, 24THNERERTH 5.
Fo, Yalb—va UTHELNZERRBEO TEHICIE, ERTHLNLEAR
B ORRELAZTH L TVD. I alb—3a VOEEITRK 213% L R0, EsE
NN SSBEDORWERBE N, —J, T— FERIZOWTE, 6 1K
~HARE—RTUI 2 b—ra  EERFERICEEMER RO, LL, # 5

11



RE— FTIE, PO TERGEROFHORNA I 2L —a VRIS
REL eolz, Fiz, FRIZBWTHE 6 RE— NERIFBHTE o7z, Thb
X, oIk L FRE, BALEOEOCLFOEEREZ LS.

2-7 1ZMh A H Htm & L7256 OEARDES L OE— NEREZRT. 11TH
25 FEM(Pro Mechanica)iZ k5> I 2 b— a UHEE, 27N EREERETHS. £
7z, ¥YIalb—ya U CHRLNZERREEO TEIZIE, ERTHE LN EAIRE)
BLDBEELZTH L TWD., I a2 — g U OBEEITRK 095%E 720, EEN
TN EIEEDORWEERBZ S S, —, T— FERIZOWTE, # 1K,
H2W, HAWRE—RTYIalb—3 g EERERICEUARONZ. L,
F3W, WHEKR, HEXRE—RTIE, YIalb—varTHELNEZHELEOKRED
HiR R Dotz ZhuE, A BRONESEO R X OBHLENLE OROT;
WX DHEREZZONS.

5 2-4~[X] 2-7 |[ZIFA0) 1 [2-16] 235 T > 7o IR ORGSO 7= D it L Th 5. Al
JINE, FEM f##Ti2iX, LS-DYNA Z{EHL7-. K 2-4 OIEFROHEE, ¥ Iab
—3 3 THRK 5.10%DRE7E, FEBR TR K 548%DiaAEL I oT-. [ 25 DRITTED
BAE, VI a2l —3 3 TR 258%DiAZE, EBR THRK 8.38% DAL 2o 7z,
X 2-6 DERDOHAIL, 2 b—3 3 2 TR 5.64%DFRE, TR Tk 3.51%D
Lo, K 2-7T OMEOLAIEL, a2 b—v 3 TR 480%DiEE, FEi
THOR 216%DAEL o7, EARBE, BEAE—FE bICAES L<—FL
TARERDESNTWDONRDND.

12



Degree

5th

Present results

Pro MECHANICA |

Mode shape

Natural
frequency(Hz)

Difference(%)

Ritz Method
Mode shape

Natural
frequency(Hz)

157

228

405

Difference(%)

0.00

1.00

Experiment Mode
shape

Natural
frequency(Hz)

Reference [2-16]

LS-DYNA Mode
shape

Natural
frequency(Hz)

165.6

227.2

268.5

410.4

687.4

755.5

Difference(%)

-0.30

Experiment Mode
shape

Natural
frequency(Hz)

165.6

232.1

272.1

404.2

690.7

741.3

Difference(%)

5.48

191

0.80

0.69

0.99

Fig.2-4 Comparison of mode shapes of square glass plates
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Degree

Present results

Pro MECHANICA
Mode shape

Natural frequency(Hz)

Difference(%)

Ritz Method
Mode shape

Natural frequency(Hz)

Difference(%)

Experiment Mode
shape

Natural frequency(Hz)

Reference [2-16]

LS-DYNA Mode
shape

Natural frequency(Hz)

242.6

246.0

554.0

561.9

661.6

757.6

Difference(%)

2.58

-0.16

2.46

-0.74

-1.28

-0.14

Experiment Mode
shape

Natural frequency(Hz)

254.7

549.9

577.6

673.1

759.8

Difference(%)

8.38

1.65

1.69

0.61

0.24

Fig.2-5 Comparison of mode shapes of rectangular glass plates
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Degree

Present results

Pro MECHANICA
Mode shape

3rd
______" 1J|v'lr

Natural
frequency(Hz)

242.5

342.7

Difference(%)

Experiment Mode
shape

Natural
frequency(Hz)

734
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16



2.5 &8

ARETIX, EHF, BEHE, BEBIOMAEOHT T A3 UICBET 5 B RIREFR
PEIZOWTHT RS L OVERD OREEEITo 72, &40 7 AIRICBE L, 2FOERE
a A HmE LIS E 0N 7 AKXV OBEA RS L OE— REIRE i U7,
ZD4ESR, FEM(Pro Mechanica)# KL UNRitz JEIC L D v R = L—13 3 U ER & EBREE
RTIE, TI7ARXVOBRBIED>TH, HoN2EAREEE EAE— NICH
HENPNZEEMER L. 2720, Y2 lb—ra UV TELNEREOEAIES
T RABERISNAARVWEALH DD, TLha—RFORY FFICX 5588HHE 2K
BT 5 HIEOFM, XOR5EBRMERN/MLETHD. Lo LR, EBRkER
& FEM KO Ritz VEDOHERAR S A EES SHRITIC R D, AT 20T ®7 7 A (BEE
VMBI TH - Th, TT7 ATV OREFHE 2 Eg I TR TE 5 2 L A 65
Lipolz.

2.6 3CHK

[2-1] Lee I., Lee J. J.: Vibration analysis of composite plate wing, Computers & Structures,
\ol.37 (1990), pp.1077-1085.

[2-2] Krishnan A., Deshpande J. V.: Vibration of skew laminates, Journal of Sound
Vibration, 153(2) (1992), pp.351-358.

[2-3] Qatu M. S., Leissa A. W.: Vibration studies for laminated composite twisted
cantilever plates, International Journal of Mechanical Science, 33 (1991), pp.
927-940.

[2-4] Oliver G. M.: Flexural vibrations of clamped-free rhombic plates with corner stress
singularities, Journal of Vibration and Control, December 9 ( 2013)

[2-5] Sivakumaran K. S.: Frequency analysis of symmetrically laminated plates with free
edges, Journal of Sound Vibration, Vol. 125 (1988), pp.211-225.

[2-6] Bhumbla R., Kosmatka J.B. and Reddy J. N.: Free vibration behavior of spinning
shear-deformable plates composed of composite materials, AIAA Journal, Vol. 28,

No. 11 (1990), pp.1962-1970

17



[2-7] Srinivasan R. S., Muralidharan P. and Ramachandra L.S.: Axisymmetric parametric
stability of composite annular plates, Journal of Sound and Vibration, Vol.140,
(2),(22) (1990), pp.175-180.

[2-8] Ramakrishna S., Rao K. M. and Rao N. S.: Free vibration analysis of laminates with
circular cutout by hybrid-stress finite element, Composite Structures, Vol.21, (3)
(1992), pp.177-185.

[2-9] Peiman Y., Hashemi Sh. H.and Kargarnovin M. H.: Force vibration of laminated
plates with various shapes subjected to low-velocity impact, Journal of Materials
Science Research, \Wol. 1, No. 3 (2012)

[2-10] O’Boy D. J., Krylov V. V.: Vibration of a rectangular plate with a central power-law
profiled groove by the Rayleigh—Ritz method, Applied Acoustics, Vol.104 (2016),
pp.24-32.

[2-11] Inaba S., Hane K.: Pressure dependence of the resonance frequency for a photo
thermal vibration of a thin circular glass plate in vacuum, Vacuum, Vol.43 (1992),
pp.291-292.

[2-12] fA R T ADKFHIMEE 1, New Glass, 24 %, (2009), pp.59-63.

[2-13] AR, 7 A DfkE{k, New Glass, 26 %5, (2011), pp.33-37.

[2-14] TEHFEIH, EIHER, REE: 77 ADOHE & 132, New Glass, 25 %, (2010),
pp.51-55.

[2-15] fl3Eak —, RREFSE: U 7 A OBMAIMEE, New Glass, 23 %, (2008), pp.46-52.

[2-16] Hosokawa K.: (Unpublished note) Vibration data for free glass plates, Chubu
University, (2016)

18


http://www.sciencedirect.com/science/journal/0003682X
http://www.sciencedirect.com/science/journal/0003682X/104/supp/C

EIE
EHEEICAWVLONBZIASA/NARILODE—* > MR

3.1 #8

A= 74 D%ELE, 2P —A 2 F =T 2 —RIHTADLED X v TS
INVEBRRA LTS, ZLT, BT ARFNVEIRET A 2 THR LEEMEZ 1 E
SHETWVOHERENE SN TS, 2D, Av— N7+ VOREFFTIE, 7 A
NRANTaA—PF=PNKETE L+ RIRERELG DL ENUNETHD. T AN
KNVOIREFRE DM EIL, Z7 Ly MRRLY =7 7 7 VI RKORFHIB N T H %
EMEREE-TWD. —J, FRORENTET 2 EIA 722 ST 28R E S h T
5[3-1][3-2]. ZDIx & A Ensed s (B2 1X[3-3]-[3-5]) 7o ida R R [3-6]D ik
FISEICBET A TH D, L LR s, EHEMEICHEbID T T ARV OHR
R 2 W > oW IX RS 7= D\, F, = A 2 MRS X 2 IEEIRE O s
23, I 2 D SCHR[3-7][3-8] T72 & TV 5. Champoux Z&[3-7)1X — > D [EIH L 7=
ART "N =Tl TR TE— A MIHEZMRETL7Z. £ LT, Yoshimura
& Hosoya[3-8)1X[Fliis H A > FRF (AIEEUSEBIE) oW THE LTV 5.
AKETIE, PZT JEE R AT 2a—H) 252 LI2L-T, HT7ARRILOIR
R 2 RO SH D 72O DOEEIZ OV TR, K BV E{TH 7200
Bt E1TY. Flo, YU RRH T AW T A =y A3 B &2 VT, BFET
BN ERRRIEEEREICOWT, E— FITEIC L Y EBRTHEFTT 5.

3.2 BITETILE ANSYS [Z &k B FEM fiZ4T

4 3-1(@ZAWIENRE T DG OIMEL A RS, T A VORI, X
31O RT L HITH T ARV EDIE AT, W EATICHRE S NT- PZT 125 - T
A S 5. PZT OFEMIE R 3-2 1ZR 7. £ 72, SV O Wi X 4 X 3-3 12777
ZIT, HTANRIADELRT06mm T, S J1TH T ARKADPIET D D %R
T 5720, BT AKMEZE 0.125mm O EWPET 7 4 VA TE-STWD., iz, HT A
PSRV OE S 0.7mm OXEE T — 7 E S L TAREIZEE O 1 b b

19
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(a)With cover

(b)Cover removed

Fig.3-1 Mobile phone under study
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No.  Name Material
1 Up-case SUS-304(0.15t)
2 Rubber-up Form(0.55t)
3 Mass Tungsten
4 Mass-poron Poron(0.25t)
5 Vib-plate Invar(0.2t)
6 Piezo 30%2.0x0.34(3 Layer)
7 FPCB 0.15t
8 Rubber-down Form(0.55t)
9 Down-case SUS-304(0.2t)

Fig.3-2 Details of piezoelectric-transducer system



PET film

\ 0.125mm
Glass panel 0.6mm
60mm X 106mm 0.7mm
/ I.4mm  Water proot tape

Main body

Fig.3-3 Cross-section of the edge

Table 3-1 Elastic constants used in ANSYS

Mat. E[GPa] v Dens. [kg/m?]
Glass 71.4 0.23 2500
PET 4.70 0.40 1400
ABS 2.65 0.36 1200

Rubber 28.1x10° 0.45 1470
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(a) Translational excitation in thickness direction
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(b) Rotational excitation along actuator

Fig.3-4 Frequency response function (FRF) and phase for translational and rotational

excitation
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I**mode 2ndmode 314 mode

Rotation-X contour

Fig.3-5 Lowest three mode shapes
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(b) Moment generated by a couple of forces

Fig.3-6 FEM models for the effective moment

(orange lines denote symmetric axes)
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(b) Moment generated by a couple of forces

Fig.3-7 Frequency response function (FRF) and

phase for transverse and rotational excitation
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PZT

(a) Excitation in out of plane direction

Moment excitation

panel

PZT

(b) Excitation to T-shape part in in-plane direction

Fig.3-8 Two excitation models
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Fig.3-9 Frequency response function (FRF) and phase for new

excitation through T-shape rib
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Fig.3-10 Ribs reinforced at foot
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Symmetric BC clamped
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(a)I-shape model

v
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(¢)Y-shape model

Fig.3-11 FEM models for three models

281.22 Hz

275.51 Hz

Fig.3-12 Vibration mode shapes of models
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(b) T-shape model

Fig.3-13 FRF curves for three rib models
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(c)Y-shape model
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accelerometer

L-shaperib
PZT module

clamp
(fixed to large base)

Fig.3-14 Experimental apparatus
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(b)Moment excitation through L-shape rib

Fig.3-15 Two types of excitation methods
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Fig.3-16 FRF curves for direct and moment excitations
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iz L

D12 D22 D26 (4'3)

D16 D26 D66

_j@_ﬁﬂ_@MT _
{k}_{ axz ayz Zaxay} ’ [D]

Dll D12 DlG:l
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L, ENENMEST MLERIE~ N 7 A ThD. X OICEMER B E~DE
BRODT-8, AIENTIIEREEGEMEIZ 13— L TnWa. w ITHRO I G OZEAL T
o, Fio, Wit~ MU 7 208 L, N (4-4) TRINDLIFRENOLDEL 2 &
JE% k T

D; ZQ.E“( -z;,) (4-4)

EERSIND. RE)OHMEERQIE, kFH OB T x il & AEo il & o f
FEIZ K o TRE S 15 [4-20].

E E v E
L ’le — L"TL ’ sz — T

1-vipvn 1-vivn I-vipvn

Qu=

Qss =CGy1 (4-5)

EL & ETIZFNEIMBI O K/ I/ PR TH Y, Gy (X BIWrHEME=R T vt & vl 1X
R/ B/ NRT Y U HTh D, SN & > TIET X TD D A D=Eh¥12(1+*) T
KINDZEIHETORNERDHS.

43 ITRTE I, FEHTIIRMIT =TI LY A~ — N7 4 URIKICHES S
NTWD., ZORDEREME L TIHMEMER EE X bN, ZOREITHTET v
& LToMMEITRICE R bcm RV F—(T,

b
U =1 f /Zk Wz(—g y)dy+fa/2k W2<x—9>dx
22 b/z1 2’ —a/z2 b2
1( [b/2 ow, a 2
+ {f_ kr1 [5(—5,31)] dy (4-6)

P kG s [ k()]
b2 r3 ax Zly y —a/ 4 ay X
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ThHz2b6N5., 22T k[N/m] (i=1,2,3,4) 13530 QBN R XY ) O mE X0 FHME
EH, ki [N] (i=1,2,3,4) 134530 OEN R &Y 0 o[Rl#RIE R0 M5 2 %9,
RO TESE) T R L — (%

2
1 ow
T=3 IAphEEF]dA (4-7)

ZZTPITHMAEEY Y DBEETH .
RENZ KD 7= DA IEZ R ORI L v ko —ERETET.

M-IN-1

w(x,y.t)=W(x,y)sinat=">" > Coo Xy (X)V, (y)sinet (4-8)

m=0 n=0

F72, X (4-8) OERITMHTOMEALOT=DOIZ, LU TOERICEIZI D £T.

E=2xla, n=2ylb (non-dimensional coordinates)
(4-9a)
_wa? (PP p = B -
) = wa (Do) ,Do = 2 via7sD) (frequency parameter, reference stiffness)
T TIE
2 p_h 1/2 _ Eh3
1= wa (D) 12(1-v2) (4-90)
L7220, IXROERITHEMEERIE,
- ka® - ka _ _ _
k :F’ Ki = D (translational and rotational stiffness) (4-9¢)
0 0
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a=alb (aspect ratio)

L7025, A (4-9) - X (4-9c) DfEEA (4-1) - X (4-8) ITRALTEHE, B
(330 (4-8) OREMRE Con ITBI LI/ MES LS.

o
aC

mn

(U max1 T U max,2 Trax ) =0 (4-10)

(m=0,1,...,(M—-1);7=0,1,...,(N —1))

ZolE, REEGEIIKRO LIRS,

'\f NZl Dy (2200 D, a2(|(2002)+|(0220)) n & o*1(002)
m=9-n DO DO D0

42 % a(|(2101)+|(1210)) ) % a3(|(0121)+ |(1012))+4 % a2|(1111)
D D, D

0 0

1(/— _
okt (D) + k) (1)

=02/ ] C =0
16 mmnn

(M=01,..,(M-1),7=01,...(N-1))

20 1 IFRGTEROERICOIE 2RO TRIND.

mmnm dé(p) dg(b)

1 (p) (?
I(ppqq) :¢r§]rpﬁﬁ) X¢n(ngq)’ ¢r$1rpﬁb) :J-l(d p Xm(f)j(d P Xm(é)Jdéz <4_12)
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Fz, HMSRL O 32X —IZET 5T

op _ 47X, (8) dPX,(8)
Vom ™ = dé:(p) dé:(ﬁ)

(4-13)

Lt Fim 2 FAOIEE A2 B4 EIRIX

BC1 BC3
)

X (£) =& (1+6)°T(1-8)"7, Yo () =n"(1+7)>" (1-7)""" (414

LEFEEND. [4-21] = Z T BC1,BC2,BC3,BCA 1TEHREKMA T v 7 ATHY,
EE (C) Tix2, HMZEHI (S TIiX1, HHILEFE)TIIOZ LS.

ZO &) Il ABE R SR OM AN A, HEE & [EER O R R A Ui 2 e
MITINZ 5 Z EMTE 5. WEIZRIZT THEMICHIR S 72812 & - T, BCi=0
& UTCERETRIC 0 DA OMMEER AT 5. BLESCR & 8 E O M Tl SR S
N7z > TiE, BCi=1& L, MERXREERE L CIEQITRERZHET H. &
Tz, MEAATDENEREL, WERHRELZERI T2 TE5. KX (4-15)
IZED—HITH 5.

= =100 (4-15)

ZZT BCi=0(i=1,234) TH 5.

4.2.2 EBEEEMT7ILTUXL

EEOMENES L BRIk T 2 EUOTE A REE Q 1%, X (4-1) 06155 2
EMTED. LR E, A~v— N7 4 VZEE SNTFEEREDO T T A2V DFH
IZRWT, EE(TR L BERTROHMEERIIRGT EOARTREL TR, 22
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T, Ty VIR IERERDREEITI Z L &35, — 7, fkx ko T,
A (BT LT Y X 0) 132 O@EVBEREE SR H Y, LIFLIEHW S
5. F12, GAIIRFTZRICH bbiLd Z L7, E RO T Z &ic@EhTwn
%. Gurdal %[4-22]0FETHHA SN TND LI, GAlFAX L =2—URT 47
IR T IETTHRIEIKDFF Z B L T\ 5. Bl GA Tk, RHEEIIREKE
PR L C S (B M) ko TERDbEIND. ELT, HLWHRBR &2
RER L Vo BETHENLHREOND, BINEIZESWTHAEIND. RKET
1L, EXEPEEE U THlRAEIFHIND Z N En SO REE (XRERK & BRI REER DO FE
ik, X (4-9c) DEHITERLEE. 72, RIEDA~Y— KT+ DT AR
KD EFIZHE Y DT B 7 — 7%, ®mT 25 HOBREERELLORES G
FLTHLID, [TREREZR—EERE L. EEOMER O T 2K 4-3 12777
ZoLE, ROL DRI OO LiziZhEsE v 5b

Translational spring constants: ki = ks, ko = kg4 (4-16)

Rotational spring constants: Kr1 = Krs, Kr2 = Kra

X, GA DRBIZIBNWT, & D RO EARNSEEITRER > & BT ER
TOEFAMERICROZ EEERT 5.

ZITC, FFRERIT6 By o THEHTRT. FlXE, HHEEOBEITK
DEITERIND.

[110101/011111/101110/011001] for[ky, ky, kpq, kyo] (4-17)

FER OIS, Rayleigh-Ritz 512 X » THHE SN2 BEAREIEE CiMli S 5.
AW TR S D AR, ROXDITERT .

o 1
S (NP F ¢ Y ¢ (4-18)
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T, fuafeo ol TENENFERTHONIZ 1K, 2R, 3WE— ROBEFHKE)
BThd. Fio, i, GITHETHEONZEARSH THSH. 2 b o BRI,
TR RO ZES 2 R LA HOUHTERTDH. O, FBRELFE
EPMER D 3 WE— FIZEWT, IEWIREEZ FHOERITEWEICEIC R 5. TEE
FhRB L OEEIZROIERERORZE T, BB, X (419 1, K n=0
~64 OFIPAITT X MTHH L TRELND kK Z AVWTHE SN fLhh THRES L
2.

n
Ak = 10%%62 (4-19)

FHARIZEBNT, &b EOEGE 2 B o 7o @KL, Bisr e /Ee Uikt
HEIcER SN D, T72bb, =) — MEIKIZT, ZRbEmWEcEEs o= —
NZTRERNL D, R (B OMATIT—EEELE 2 5 2 L ic X - T0,1] 0 &b
MNHEITN, FESEOEELFID T EAFEL—Ly ELRITND.

R AR A AL SEH LWAKEZRAE ST L&, GA O >0 A7 B EN
Tons. ARFZETIIRXOBRIER, £ 41 ISR TEIIC—EEZXMEDNRS. =
T, BT pc L0/ 0D KO —REE[0] TN D . Ytk v
FERH—RELBIZ K-> T®EIIND. £ LT, Parentl OLEMIOBEME T & Parent2 OF
MOBBEFBFOMEKE LTERET D, BIXNTEID p.E[01]L Y KREWE X,
FlX Parentl ® 7 m— b p D, ZEIRAETIL, @ITNZELIL0,1]7° pm €[0,1] L Y
IhENWE X, JIOEITEZLNDE Yy NOGFINRE S, By FOER 0025
1, ¥FEFFOHICEZLND. GA TIE, HROE(LORRIZ, 5 N, 2—EIC
RO X IIZFOEENEAEIND. D O/RBL, BEOHNAE Ny IC2ZET S
F T IRS AL, Hefh DM TR 2 FFOBERD Rl & e S D, ARufF
THEM L7 GARNT A—H %K 42 TR 7.
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PZT actuator
(on back surface)

(a) Smartphone with vibration function on touch panel

PZT actuator

(b) Main body of smartphone (Fujitsu F-12D) (c) Glass panel of smartphone with adhesive
tape and PZT actuator (back surface)

Fig.4-1 Smartphone with vibration function on touch panel
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b/2
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ikﬂ
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ki ; é ks

ITFELTERITEES

Fig.4-2 Rectangular plate elastically constrained by translational and rotational
springs along four edges

Adhesive tape

PZT-actuator Glass Case

Adhesive tape

(a)Cross-section (b) Layout and cross-sectional area of adhesive tape

Fig.4-3 Structure around smartphone plate fixed by adhesive tape
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Table 4-1 Example of crossover scenario between two parents

containing four elastic constants

kq k, k1 k2
Parent 1 : 110101 011111 10/1110 011001
Parent 2 : 000101 101010 00[0001 110000
Child 110101 011111 10 0001 110000

Table 4-2 Parameter values used in GA

Parameter Value
Generation number N 50
Population size N, 100
Crossover probability P, 0.9
Mutation probability P, 0.05
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4. 3. BIMBEREEROLBLEER
4.3.1 V) v VLB OREE

AHFFE DFRMTIE D Z 4 1M % feRB 9~ 2 72912 Mukhopadhyay D45 & DLl %17 -
7o K A3 IIARMHTIEIC L D EHAXRER L ROBT 7 &7 b ISR 2 [E A IRE)
BaErT. k = 200 TiX 3%LL FORAAEL R Y, TR AMITE E B —ZL
TWHZ EMbnd. 728, k=100 D L X, 5ROBAEREEL T 10%DREE H D
DT AVUIHERRNEE L TWD LB LS.

F 4-4 1%, RBFFETITHONT- Rayleigh-Ritz 512 K5~ MU 7 AD K& ZI2kd 5
I ErE 2R, B RT A — 20 = wa?(p/Dy)V2(IER T O BEAIREIE) 1X, &
MR (alb=1) OS5KETORKE—FEZRT. ZDeE, X (4-8) O MxND
TEH T 6x6 (X (4-11) DFTHI DO K& 13 36%36) 705 12x12 (118D K & X1 144x144)
ETART. ZOBITIE, BERERERS K, =k, =k, =k, =1 F£7iF 100 ©
WADOLRERT. FWEARTA—2 QD% 1%, AT SHILIN TR L Tw
Do FTo, LI Lo THEON IO —@#HOAER & g U7o. BRI
IZBWTC, AT 4 HCIHERICES &KL, FEM (FIRZEHEE) OfiRE B R<
—HT 5. ZOLIICARFIEORIENHERTE .

432 BREFHDEVICKIEBHFEADEE

X 4-4 [XFHERNIZ IR S 2 ER SRR OB A O @) EEIZRES K L (0)lE
BRI ERE Rk, 2 N S 72 L O HUST A —4% Q OFT- &Y. (22 H
(FFFF) & BUiZcRE (SSSS) DDA, (0)Hklizckf (SSSS) & [EiE (CCCC) Dff
DEFATHD. 777 bt ab=0572 TARIFFECTHEHA L= T AL EFRT
EZRANWTWD. X 4-4@)TlE, BEIFREE K (i=1,2,3,4) % Bl 854
HET, 0006 100 ~GATHFARITHEINIETWD., oL x, FERXRERIL0 &
LTW5. X 4-4(b) TIXEESFGMCELRET 5 £ T, Snh TEAL 0 2% 6 HERIE
REHk: (1I=1,23,4) % 0205 10° ~P THHICEMN S BTV 5. X 4-4(a),(b) T
IWE &b RERTRERIR CIXEAREBESEfIREE o TS, 2, K
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T 1 ROKEEDET, k; =100 130 Tk 2Kk, 3ROMEGEIRIT, 3R E 4 RO
BN Z 0, 5BROMGHENERT D, k; =1000 TiE 1~5 R D42 T OREIRIME T 7=k B8
L.

4.3.3 HiFTRhEHRDORE

X 4-5~[] 4-7 13, AIREVIEAT ORGEEZBAET DD LTz, T A% 0D
FIEERBRIC L 2 RBE— METORERTH H. K 45 1TH T AL B SR
ENTHAORERTHS. ZZTH 45b)IH T A FLD—H 2RO EE
FEAEZTRVHMER (BT 2) THY Tz, 2 2T 4-5@) 0 st o
AT ANFOVRENCEE LHE LTz, £72K 46 124 T A28 0 O JE PFHAN M
BEN-HE60HERTHD. X 4-6()1F, AT — /VEMIZEFHIEAET — 7 CTHEE
SNTEAR—=RT A DT ANKNVEZRT. ZOELE, HTARKIVOREEIT
4-6(b)D L —H%— R v 7*Z —fk#EhEt (Laser Doppler Vibrometer: LDV) CHllZE L 7-.
X 4-5 D H SR, M 4-6 OISR & B 4-7(@)D A /3L AN~ — T 5x5=25
SOFTBNHE 21TV, 7 — % ORI 4-7(0)D AT 8T LT F T4 P TITo7-.
FHANIA IR AUk LT 5 B0 TRINR 2 Fhi L2k Lz, SBRA OF Z R,
60.4 mm x 105.6 mm x 0.55 mm T&» 5. FHW =M EMEEIE, ¥ 7 =RH E=69.1GPa,
W7V T v=021, HEIL p=2510kg/m®* TH 5.

F 451X, HT7ARFUVFEBPHBIROHAEOERB L OGHENLE LN 1
KD 3RETOEARIEZ LTS, AHZFOEETIX, EREE 0=
DIRRR30%ETeo7-. £, M 48 1TERB LURHENLEONTIREIT— RO
BT Thsd. BHRHIFCITE— FENERE B & THENEG LN,

K 461X, W7 ARV OBRMICHRENEZ 5 2 1256 OFERHRE LORE L5
O LR D 3RE TOBARIB A RL TS, FESINHESREDOL & T
WRENVE D2 TRKRDO S DT 101%LL FTHDH. THUTK L, HMESFRSM: T TP
BINTREEL, RESNERMEORBRITESNHNTERATWD K 5IcHz 5. L
ML, ALMNCENGITRRD 12 EOEHEZRLTEBY, FUE— FERTIX
AAY
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FEAETIE, A7 ASFOVEABOEE TR L FERIZROIERERE GA L VR
TET MU LTI FOSE &, iR R TET ML L T2HE D >0
BEREMEER W, 2B, WX EHWEZRETIE, EBEOA~— 73 1Ch
PET, \ETRR X REEITROITRERZ T T AV ORGAFRLETR—& L
7o FERRE A S L IZ GA TRIE L7 iTAERIE, ke = ks = 0.8 MN/m, ko = ks = 50 KN/m,,
ki =kis =17 N, ko =ku= 143kN 235517z,

BRVE SRR 2 WA TIE, EBRIEE 02N ITRK 11.0% TH Y, Bl Ris
AWTFFEECIERK 221 %D &S Lol Fiz, M A9IFEBERSGMH T TOXE
B LA DG LNIRENE— ROFKETTH 5.

REIE— RIZOWTE, HMXRHC L D — RPNERE TR DR L o7,
—77, HHERE WA OE— NIIERE I BT 28R o7z,

4-9 D 14T HIE, FEBRIZBWTERICHAET — 7 THEESNTHT T A/SF LD
E—FNETHS. £/, 297HIL GAIZ LV FIE SN2t ESZ Wiz X 5
E—RETHD. 22T, RESNT[pA]l = [12], [21], [22]F— NiE, ZnEh
2nd,4th,5th =— F& L CEIHIS . Zhucxt L, HiiFaniz <xros—FR
B (317H) 1%, [pal=[11], [1,2],[13]|nE 7 bE— RE Loz, GAIZ LV [EE
ST P E R T OMEATIX TR ORPUCIBNT, T ARV OR DTN EIEER
STFHETHZENTELZLEE—NENL OIERTE 2.
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Table 4-3 Frequency parameter Q = wa21/p/D0 for plates having all edges elastically restrained in rotation

k.
Reference (Mukhopadhyay)

- - ~

alb 0.1 1 20 100 0.1 1 20 100
0.4 11.629 13.013 20.380 22.800 11.563 12.852 20.281 21.732
16.335 17.525 24.471 26.928 16.291 17.310 24.178 25.817
24.206 25.235 31.894 34.468 24.207 24.996 31.267 33.327
35.244 36.167 45.601 35.312 35.947 44.343
41.247 42.845 60.753 40.227 41.596 55.447
45.970 47.477 60.830 45.070 46.327 59.841
1 19.930 21.497 31.077 34.665 19.839 20.511 31.111 34.753
49.530 51.176 64.287 70.757 48.894 49.116 64.342 69.319
49.530 51.176 64.287 70.757 49.629 50.927 64.861 70.929
79.110 80.784 95.775 104.395 79.040 79.851 95.850 103.377
98.851 100.547 116.788 126.952 95.678 95.777  117.029 120.047
98.869 100.554 117.166 127.540 99.211 100.727  118.214 127.616
25 71.955 75.786 135.737 72.25 81.15 142.44
101.406 104.650 161.291 102.17 108.85 167.43
150.587 153.352 207.868 150.67 155.86 211.85
219.489 221.941 276.473 217.13 221.27 275.52
256.716 260.919 362.614 258.90 268.23 355.52
286.079 290.035 369.276 288.91 298.08 380.64
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Table 4-4 Frequency parameter Q = waﬂ/'p/D0 for plates having all edges

simply supported in rotation (SSSS, a/b=1).

Num.of
terms - 2 2 - -
SSSS with k,;=1
6x6 21.502 51.192 51.192 80.829 102.13
8x8 21.502 51.191 51.191 80.828 100.60
10x10 21.502 51.191 51.191 80.828 100.58
12x12 21.502 51.191 51.191 80.828 100.58
Li (2009)*  21.500 51.187 51.187 80.816 100.58
Li (2009)*  21.496 51.184 51.184 80.818 100.58
SSSS with k,;=100
6x6 34.674 70.799 70.799 104.48 131.77
8x8 34.671 70.781 70.781 104.45 127.17
10x10 34.671 70.781 70.781 104.45 127.03
12x12 34.671 70.781 70.781 104.45 127.02
Li (2009)®  34.671 70.780 70.780 104.45 127.02
Li (2009)° 34.67 70.78 70.78 104.5 127.0

a: Series solution, b: FEM (300x300 elements).
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Translational spring constant k; Rotational spring constant k,.;

(a) Free plate constrained only by translational (b)Simply supported plate constrained only by
springs rotational springs

Fig.4-4 Frequency parameter Q = wa21/p/D0 for plates having all edges elastically restrained in
translation and rotation (a/b=0.572).
m:1% mode, :2" mode, <>:3 mode, A :4" mode, A:5™ mode.
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(a)Accelerometer attached to panel (b) Glass plate supported by soft elastic cord

Fig.4-5 Experimental setup for freely suspended glass panel

(a) Glass panel fixed by adhesive tape (b) Measuring system and LDV

Fig.4-6 Experimental setup for glass panel elastically constrained by dhesive tape along four edges
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|| weinisvesn

(a) hammer (b) FFT analyzer (Ono-sokki, DS-2000)
(Ono-sokki, GK-2110) with Modal analysis software
(Vibrant Technology, ME’scope VES)

Fig.4-7 Experimental set-up

Table 4-5 Lowest three natural frequencies [Hz] obtained by experiment and
present Ritz method under free edges condition.

1st 2nd 3rd
Exp. 269.8 300.1 687.2
Ritz 265.7 300.3 666.3
diff -15% 0.1% -3.0%
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1st mode 2nd mode

(1,3 (2,2)
Experiment

N

(2.2)
Present analysis

(L.3)

(2,3)

Fig.4-8 Comparison of mode shapes of glass panels under free edge
condition. (i,j) = (half wave number in x direction, in y direction)
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Table 4-6 Lowest three natural frequencies [Hz] of an elastically fixed
glass panel obtained by modal analysis experiment and present Ritz
method under identified elastic condition and simply supported condition.

2nd 4th 5th
(iJ) (1.2) (2.1) (2.2)
Experiment 481 971 1197
Analysis * 486 1000 1074
Diff. +0.8 % +2.8% -10.1 %
1st 2nd 3rd
(i) (12) (2,1) (2,2)
Analysis® 487 847 1462

a: identified spring constant,
b: simply supported plate
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2nd mode 4th mode 5th mode

/z‘ [

(1,2 (2,1) (2,2)
Experiment
(1,2) (2,1) (2,2)

Present analysis (elastic edges with identified spring constants)

1st mode 2nd mode 3rd mode

7 - -~
—
- o

(1) (1.2) (13)
Present analysis (simply supported edges)

Fig.4-9 Comparison of mode shapes of glass panel fixed by adhesive tape
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KRETIX, A~— T4 DHTANRFIVOREE T T W & R 1L DR %
RAEHIEE LT, BFHBSKET —7 CTHAE SN T A3 OIRENFET & 325k %
Todz. AT CIXEWERREZEN LT, 77 AR VEFHORET —7 2 ®mE T
ERHEZFNRTET /ML L, ZRXAF B2 ERLEITo 2. ORKBEL, £—
REATIEIC L o> TEBR OB SN2 /ER L, BREON T A3 OEAIREH &
T— RERZHKRT 2 2 EICL > THEENPO BN, £, HEMICKR SR
fEAR2Y Lin & (2009) 12X D/EDORERE I —HZ & bRz, WRITERTH
SV EAREIE O 2 AV T, GAIZ L Y TE (T & Ffs TR0 iThaEE s FE L
To. F70, k& U Tl B2 BE RS T o D BIMISCRRIZ 35 1T D flbir & Fekia L 7223,
B SR S CIIE SR L O/ DN D B A IREV L 0 HRENMKLS, ko
REIE— FLFEBRERALDERLE o7, ZNOORERND, Wk SR R &
U TeARIRAT T HE DR IIWEZ iR T & 7.

4.5 3Tk

[4-1] Leissa A. W.: Vibration of Plates, Acoustical Society of America, (1993)

[4-2] Kbhalili M.R., Malekzadeh K. and Mittal R.K.: A new approach to static and dynamic
analysis of composite plates with different boundary conditions, Composite
Structures, 69 (2005), pp.149-155.

[4-3] Aydogdu M., Timarci T.: Vibration analysis of cross-ply laminated square plates with
general boundary conditions, Composites Science and Technology, 63 (2003),
pp.1061-1070.

[4-4] Fares M.E., Youssif Y.G. and Alamir A.E.: Optimal design and control of composite
laminated plates with various boundary conditions using various plate theories,
Composite Structures, 56 (2002), pp.1-12.

[4-5] Leuner T. R.: An experimental-theoretical study of free vibrations of plates on elastic
point supports, Journal of Sound and Vibration, Vol.32(4) (1974), pp.481-490

[4-6] Laura P. A. A., Gutiérrez R.H. : A note on transverse vibrations of stiffened

63



rectangular plates with edges elastically restrained against rotation, Journal of Sound
and Vibration, Vol.78, 1(8) (1981), pp.139-144

[4-7] Srinivasan R.S., Munaswamy K.: Frequency analysis of skew orthotropic point
supported plates, Journal of Sound and Vibration, Vol.39(2),22 (1975),pp. 207-216.

[4-8] Narita, Y.: Note on vibrations of point supported rectangular plates, Journal of Sound
and Vibration, Vol.93(4), pp. 593-597.

[4-9] Gorman D. J., Yu S. D.: A review of the superposition method for computing free
vibration eigenvalues of elastic structures, Computers & Structures, Vol.104-105
(2012), pp.27-37.

[4-10] Setoodeh A. R., Karami G,: A solution for the vibration and buckling of composite
laminates with elastically restrained edges, Computers & Structures, 60 (2003), pp.
245-253

[4-11] Ashour A. S.: Vibration of angle-ply symmetric laminated composite plates with
edges elastically restrained, Computers & Structures, 74 (2006), pp. 294-302

[4-12] Nallim L. G., Gross O. G.: Vibration of angle-ply symmetric laminated composite
plates with edges elastically restrained, Composite Structure, 81 (2007), pp. 80-83

[4-13] Karami G., Malekzadeh P. and Mohebpour S. R.: DQM free vibration analysis of
moderately thick symmetric laminated plates with elastically restrained edges,
Composite Structures, 74 (2006), pp. 115-125

[4-14] Mukhopadhyay M.: Free vibration of rectangular plates with edges having different
degrees of rotational restraint, Journal of Sound and Vibration, 67(4) 1979,
pp.459-468.

[4-15] Mukhopadhyay M.:Vibration and buckling of rectangular plates with varying degrees
of rotational restraint along the edges, Computers & Structures, 32(2) (1989), pp.
341-346

[4-16] Warburton G.B., Edney S.L.. Vibrations of rectangular plates with elastically
restrained edges, Journal of Sound and Vibration, 95(4) (1984), pp.537-552.

[4-17] FRER & BT/ Y X LADHERE —GA Dk iR -, 7 —2A 71, (1994)

64



[4-18] ZJEbidh, REENE: =237 4 v 7 7T ) X5, [HIE 4, (1995)

[4-19] & &N Kb 72 XA, #7524, (2003)

[4-20] Jones, R.M.: Mechanics of Composite Materials (2nd ed.), Taylor & Francis, (1999)

[4-21] Narita Y.: Combinations for the free-vibration behaviors of anisotropic rectangular
plates under general edge conditions Trans. ASME Journal Applied Mechanics, 67,
(2000), pp. 568-573

[4-22] Gurdal Z., Haftka R. T. and Hajela P.: Design and Optimization of Laminated
Composite Materials. John Wiley & Sons, (1999), pp. 184-208

[4-23] Li W.L., Zhang X.F., Du J.T. and Liu Z.G.: An exact series solution for the transverse
vibration of rectangular plates with general elastic boundary supports, Journal of

Sound and Vibration 321(1-2), (2009), pp. 254-269.

65



B5E
BEHBEICALLNSH S ANRILOBKRINRIZ X S
BRI E

5.1 #8

A~— M7 UIFRERELE & BI/NBEELA S KOS, ZD7D, 7
T ARV ENET DIRENT A ZIFIRT A ZB L OFE L A T U FOfilK
MWH5H. ZNHOHKO T T, TXDIHREBRE 2 K& < La—F — Rk
ZIRT TR B RO E FISERRITIZ OWTIE, — /55 [5-1][5-2][5-3]73 4
JEHRIZ DWW TR T —FHl AT, RIZT 7T 2 ¥ a2 RN G IR A28 T
W5, ETMIEEB-4E, WU < HEREETTERIC O W THAA IR 2008 %2R
T/ U — B AE AW TREIRB O A2 ENTWD. LrLeRs, Zhboll
FWTR G SIRICE ABRFTHSL. A~v— N7+ L OH T ZARVEFEIL, T—
FTCHEBICEEINLTWS., ZLT, T4 AT =R A TE LT KRE Mk
T5DIZ, FAROT —7REARERR Y /NS LTkt D. £z, MHET 2
WEYT S A ZZDONThH, NSRS IZLA T U R &, 74 AT L—RpAEs
IZEE LRTIER bR, 207, PZT (JEB N7 VAT a—%) ZHOWEZE
BARDIEF T A 22T BG83 Z . (M 41) 2Dk A~—F T4+ D
T ANRENENRT 272D ORR EOHFIN S5 Z &b, RETIEH T A%
IV ZBRRINR L 72 & & OBFHSEIZ OV TR 5.

5.2 BEILEBRT

5.2.1 575001 ABRICKHEIT

PERTEEREIE O R VIREN L PZT 720 b D AJNTHEAFT 5 O T, B HIRE#ET (Ritz 1£)
DML, K 51 IR T XD e icin o T ERREIC Ko Tl Shva 7 231
OIRFRENICE Z it 2 Z LIZEETH H. ZOE, BEFHOLEN %X (4-8)
O B2 ERR ORFF B TldZe <, D X 5 IZ—MRAY7ZRE%E L TRET 5.

66



M—-1N-1
w(é,n,t) = Xm(g)yn(n)an(T) (5-1)
m=0n=0
1%, FFEBEIE DRI TH Y, 11 1= ot TEFE I D IR ITRFRH

ZZIZBWT, gm !
Thsb. I (4-7)
DEICEZTHRZIOLND.

12 (5-1) 2RATAZLICL - T, lROEE— 2LX—%, &

bD 0? M-1N-1 )
| [ {Z PR GIAORAL: }
m=0n=1
M—-1N-1
{ X ()Y (M) q’”’;( )}dfdn (5-2)
m=0n=1

M-1N-1M-1N-1

PN Y Y [ a0t [ vatnraon ag X200

"~ 8a3

m=0 n=0 m=0 n=0
WD —o>DFEATXLF— (4-2) KX (4-6) 1%, BAWMIZFRICEEES. 22T

LzRX (5-3) IZL-TEHETD.

L=T-(U; +U,) (5-3)

Zorx, 7770V aRK

d s 0L dL B

%(aqmn) - 3 = Qmn(7) (5-4)
L, ZORMEICEHATES. 22T, AUOANEFTH (5-5) ITL->THELLD.

M-1N-1 (5_5)
Q(ff n, T) = an(T)Xm(f)Yn(n)
m=0n=0

67



Tbb,

Qrn (D) = j j Q& 1 DX (E) Yo (7)dEdln (5-6)

T T ANKND EESESE, n=m (K5 1TITRIND Xy FEERTIE, x1<X<X, Y
=y [T > TREND.) OHFPHT, PZTIZX-»ThliEsn s & &, KX (56) 13,
HITDOIRIETHD FafioTH (5:7) Lok ND.

1 1 )
Qrn (D) = f f (F8(n — 11)e ™ X (€)Y (1) dEdD
-17-1

= FY, () <szm(g) dg) oIt (5-7)
= FL()Ya (e’
ZzT,
b= J RGL: (5-8)

1

En., Zokx, X (51 2263 (5-8) XL HdH LI —LRANELND.

68



Do 12;00000) ;
[4aa2 mmnn qmn (T)

4D, D D5
L 220 0 11](2200) + 212 {1(2002) +I(°220)}

a a D mmnn DO mmnn mmnn

D, D
+ 222 41(0022) I Yt L} 16 {1(2101) +I(1210)}

mmnn mmnn mmnn
Dy Do

Dy D
+252 L~ {1(0121) +1(1°12)}+4 66 21(1111)]an(f)
0

mmnn mmnn D mmnn

(5-9)

[{Fap S (1) + kap S (1)}

2a2

{ a0 (= 1) + kap o0 (1)} pom? | G (1)
+ —= [{ Friom (1) + Krsp G2 (D}

(1) + Erath 3D (D} (D)

= FL(&)Y,(n1)e’"

(m=01,..,(M-1),7=01,..,(N—-1))
1THIFRRIZBWT, X (5-10) O L HICHMAERTEXHEIOND.

M Gmn} + [K1{Gmn} = {Q} (5-10)

TSN DT iR > TIRE SN D & &, EHIGEOREL, X (5-11) DL Hi
BN D.

{qmn} = {[K] — Q*[M]}"*Fe" (5-11)

Z 2T, [KEX (5-12), [MIE= (5-13) TEXLD.

69



M-1N-

=OW)

m=0 n=0
Dy, D16
(0022) (2101) (1210)
+ (D ) 4Immnn +2 <D0 ) {Immnn + Immnn}
Degg
(0121) (1012) (1111)
( ) mmnn + Immnn} +4 ( Dy > 2Immnn

2[00 D + Ry 0] (5-12)

D
( ) grznor?r)l ( 12) {1(2002) _I_I(ozzo)}
D0 mmnn mmnn

+ afleapo (1) + kb (1)} o)

[{ r11/’7(rblr3( 1)+ krglpr(:rln)(l)}d)r(&o)

+ @ ke (D + k(D (0‘”]
ZLT,

[M] = 1(0000) (5-13)

EANEE, 3 (5-11) 23 (5-1) ITRATAHZ LI L > THLND. ZORND,
Tr7ELVZ AT, NGB14)DIIIELND.

M-1N-1

ZX ()Y (K] — 22[M]) (4D0>1(€)Y0h> (5-14)

=0 n=0

rv(f 0| _

70



Yy A
<_0/2 Y

(_o/Z .

R P N —

| ke

(@)

kl'

d:

<

k3

TEEEY

FiA L1

Fig.5-1 Rectangular plate elastically restrained by translational and rotational

springs along four edges

71



5. 2.2 I EBRMOBIERR

5-2 1%, JEE 1mm, —HOEE 100mm O EHFEHIZB T, Tz hiE L=
%t D FRE (EIEBUSERE) ORTHD. — / EOmH LIs OB ST H
MY THH-0, KFETIIRETROITRERZ FORE<ESD L L BT, ([
RIXRDITRERZ B HIZT D (ks kos =10000, ks ks =0) Z & THMISRFIZHA
B0 LTRAELTTo72. IWOBARBEITR 51 ITRTHRER-T2. K
R, WK 39%DERETHY, —/ BORE L L —HETHHREDHE L.

¥ 5-3~5-8 I35 4 ETHEH LI T A x L& GA (BT /LY X L) TIA
ELTITREREH WL XOEFINEDHTEZRT. Ly, ERTHont
R THREIER 13.1, 26.9, 28.6 (X ENEAL 2R, 4Kk, SIROEHFREKE —HT5 2
ERbnD. L, 1R, 3WROERRBHEIIHRN LT LB D. —H,
X 5-10 (ZHASCFF O A DOEFISEORT Z2R"T0, Gbhilz 1k, 2k, 3KRD
EAREE T, ERE Rz, THOOMEND, WMESEREZWEA L-ATIER
B EAZE L7256 0 bBERES AN THD Z ERbinoT.

F7o, K53~ 5-61%, yElIAdPRICHIRIMMRL72L D FRFTH L. ZNEh
DORNIIRIR D x JEIE A x=-02~+0.2 [Z[EE L, #7225 y#EEy = 0,0.3,0.6,0.9 D
PWIEOBM A (-0509) TD FRF ThHhoH. NIET 5 y EENKE L 251251,
AT HEAT— FEOBEINT 2823 bnd. K530 y=07TiE, 2=0~050
FPATLIK, 3, TRO 3IOOBEFRBEOABND A, K56Dy=09TlE, 1
WK~10KD 5 5 8 ODOBEFRENE BN TWD., 512, K57, X5-81%, y#hic
FERFRICHRIRNNIEZ L7234 D FRF 279, 20O L &, NHRROBE S TH 7z Ax =
04 L L, yEEZXy=09(ZEE L. £7-, X560 yHllZFR2MERE &
= LRERICIMEROBEZ Ax =04 L L, yEEZy=09ICEHEL TS, ZDOZ
E XD, BRRIMRIEA MRS HIANZEATREI L CH y SRR TH 2 I Th 5
BB, BARDEK EZOREIFIEDLLRN ENbND. 2, X 59
1%, X 5-6~[X 58 &[EHEDyYHIE (y=09) THIMIELZE XD FRF ThD. A
THEAREBEL, BRIEE &+ 250, 7781 T A iF 1100 FEEICED L
TWLHZEnbnrd. Zhix, X (5-14) »obond LI, MRE Ix 23/hE<,

72



WREVOFE AR R & IR DIRDOETHEIE N/ NS NWTeD LB BID.

RLD A~ — N7 5 AZBWTIE PZT B3RV EIET S, £2T, # 4 ED

ko TRESHEIZRERAME, PZT ZRIHERE LR 2~— 7
4 v ERNLEIZE L7 C, T ARV OEFRBICE ZHET 5. ¥ 5-111%
PZT ODALE-0.9<¢< 0.9, 7 = 0.9 12 o THMRE S 7= FEet B g B4 (&£ 1) =(-0.5, -0.9)
TEIM SN FRF 2739, 20L&, NRVERE SN IXRERIC X > THER
IZHRSNTWD., FRX B ZITEERY. KRR G 8 DDE— RBT 7k
LT U RSEDENE— 7 BE S TS DORDMND . Ziucx LK 5-12 TiE, LRl
JEREZ R OFL (&) =(0,0) &35 &, FubE@BT HEMEFEOE— R ()
= (1,2), 21, (22) TFHEEOE—7 NBNARV. BUIEEOAE L, Bk
TR CHRWVIRBGE AR T 2 LIRS ENEETH L LBDOMD

F7o, K513 13RI © T SRS T oLl (& ) = (0.5, -0.9)
TOT 7R VT U RAIREERT. U EE A RT 558720, EAEBK
TSR LD bE< oD, FEAIREER ORI M SR & R U P I BV T
40720 T, E—FERIZ G ) = (LD, (1,2, (1,3), D) L LTRESINS.
F7-, K514 Tid, K512 THRIS L2 X512, BUREBIER Sk roHl (&) =
(0,00 THHD, FLzEmT s8Rz >E—F () = (1,2), (1) (@M
S, BASCRRSR I EBR O R ST T T A SV OIRESEIZ#E A T
EX/ AN oYV

73



1.E+00

1.E-02
1.E-04
8
s Q Q Q Q
3 1E-06 : 2 : :
D
g
1.E-08 —~ N~ \/ N—— \
1.E-10 '
1.E-12
0 10 20 30 40 50 60 70 80 90100110120130140150
Q
Fig.5-2 Steady-state response under elastic supported edges
Table 5-1 Natural frequencies of square plate
Q 2 Qs Q4
Present 154 65.1 93.3 139.0
Ichinomiya 16.0 63.5 92.3 134.6
Dif[%)] -3.9 25 11 31
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Fig.5-3 Steady-state response under symmetric excitation
observation point (-0.5, 0.9), excitation point (-0.2~+0.2, 0.0)
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Fig.5-4 Steady-state response under symmetric excitation
observation point (-0.5, 0.9), excitation point (-0.2~+0.2, 0.3)
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Fig.5-5 Steady-state response under symmetric excitation
observation point (-0.5, 0.9), excitation point (-0.2~+0.2, 0.6)
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Fig.5-6 Steady-state response under symmetric excitation
observation point (-0.5, 0.9), excitation point (-0.2~+0.2, 0.9)
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Fig.5-7 Steady-state response under asymmetric excitation
observation point (-0.5, 0.9), excitation point (-0.4~0.0, 0.9)
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Fig.5-8 Steady-state response under asymmetric excitation
observation point (-0.5, 0.9), excitation point (-0.9~-0.5, 0.9)
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Fig.5-9 Steady-state response under point excitation.
observation point (-0.5, 0.9), excitation point (0.0, 0.9)
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Fig.5-10 Steady-state response under simply support.

observation point (-0.5, 0.8), excitation point (-0.5, 0.5)
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Fig.5-11 Steady-state response under identified elastic condition.
observation point (&#) = (-0.5, -0.9), excitation point (-0.9~0.9, 0.9)
(i,j) = (half wave number in x direction, in y direction)
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Fig.5-12 Steady-state response under identified elastic condition.
observation point (&#) = (0.0, 0.0), excitation point (-0.9~0.9, 0.9)
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Fig.5-13 Steady-state response under simply supported condition.
observation point (¢#) = (-0.5, -0.9), excitation point (-0.9~0.9, 0.9)
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Fig.5-14. Steady-state response under simply supported condition.
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(fl_ fo)

r=%

(6-2)
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0.1F) ZZNENRE L. 51T, No.9 X F-12D ([Z W #H STV 2 iEEh 7 —
2L L, B & OHBIRGED T OIZERE Lz, No.9 2B L Tix, X 6-6 (Z/~7 300
Hz, 4 J&# o Bl EsL i OB, $il#RH D15 5 (8 52 Vpp, 10 ms, Fade time = 2.0 ms)
bANENDHDERSTND. £, OO ANEEITWTILHIREZ+75 V
IZ72 D X OICHELTWAD. EANEELZK 6-6 1287 . 72721, HtdXEEZ+1V
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Fig. 6-1 Tactile feeling curve

Fig. 6-3 Position of PZT
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Fig. 6-4 Frequency response of PZT
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Fig. 6-5 Mode shape of fundamental frequency for F-12D touch panel
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Table 6-1 Input signals employed in present study.

Input signals Time [sec]
No.1 Symmetrical sweep signal 0.04
No.2 n 0.1
No.3 Strong-week sweep signal 0.04
No.4 n 0.1
No.5 Week-strong sweep signal 0.04
No.6 I 0.1
No.7 Sine wave with window function 0.01
No.8 Simple sine wave 0.1
No.9 F-12D original signal Approx. 0.013
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Fig. 6-6 (continued)
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Fig. 6-6 (continued)
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Fig. 6-6 (continued)
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Fig. 6-7 A part of displayed screen of calculator

Fig. 6-9 Experiment image
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