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Abstract

Cymbals are percussion instruments that vibrate and radiate sounds when hit with a stick or when used in pairs. The sound
radiated from a cymbal depends on its vibration characteristics. Cymbals are made through spin forming, hammering and
lathing processes. The spin forming creates the domed shape of cymbals, determining the basic vibration characteristics. The
hammering and lathing make specific sound quality adjustments by changing the vibration characteristics. In this paper, we
focus on how the hammering affects the cymbal’s vibration characteristics. The hammering produces many shallow dents
over the cymbal’s surface, generating residual stresses in it. These residual stresses change the vibration characteristics. We
perform finite element analysis of the hammered cymbal to obtain its vibration characteristics. In the analysis, we use thermal
stress analysis to reproduce the stress distribution and then with this stress distribution we perform vibration analysis. The
results show that the effects of thermal load (i.e., hammering) vary depending on the mode: an increase or decrease in the
natural frequency. As a result, the peak frequencies and their peak values in the frequency response function change.

Key words : Modal analysis, Finite element anaysis, Cymbal, Hammering process, Frequency response function,

Natural frequency, Stress distribution
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7R HAE I BWVEEEEIELS NI T, N~ U ZIIo%IIToRD. ¥ SVOEFIIMRFEREEO T
EERRTREDLD, BRKBMEE LTOV AV EERZERT S ETCEERELRBIIRAIRTHD. Lonl, BE
OFEIIEE ORBIE > TRV, FOTEALEWRITBAE T2 .

FIEER DML & LT, Rossing (Rossing, 2000) | 378 % DFTHEZROIRE) & F O A £ & T 5. Bretos b (Bretos
etal, 1997) |%, BIRERMIT & EBRET 2 I Lzvn 740 &< U RORBIELZRE L TV 5. Wang (Wang,
2011) 1%, ¥mT7%y, AENTxr, AT ORFNIBIT HFERERMBENT & EBRT— MEITOFIREEZ R L T
3. Tronchin (Tronchin, 2005) %, 7 M ADOIRENL G2 EZBRAICHIE L, REIT— FIIR & BRAFORBGR
ERETL TS, JIFES (IFHH, 2015) 133 > SV OEEE— R & FEAEOBGRE TV A,

VUOVVITBR SND E SHOREIT— FRRHE SN, TOER L L BICIIERO B ERS BNEEND.
Perrin & (Perrin et al., 2006,2008) 1%, A<y 7 A 8F — FE, L—WF Ny 7P IIREBEIEE, 77 R=~% —
VEERWTIREN Y — U R HIE L, BRERMITER LR L TS, ZORENS, BROERESH ¥ — T
ITEEBORENE— RBRER > TWDH Z EZBLHIZ LTV 5. Pinksterboer (Pinksterboer, 1993) id The Cymbal Book
DFT, 7 IVETHE, BIRET TR, N~ U ZIMIRFEMN LR EORYE 7 o A RET 5 &b
RTWA, FlZIE, NV 7T LT, Nr~—ENRBRICES S NEE LB S TR 20
BATIEENRRLZEEZERLTVS. LL, A=) ZNMIns v LB RIETEEORRHI N
NA—=T—Z L5 TRENTEY, FMIARIN TR, £ZCTEES (Kuratani etal., 2016) 1%, N>< U
YIMIN Y NSV BILRIETEEEZRIT H7200F 5L LT, MTEHEO Y SLVORBFEE OB Hik%
AL UL, BIHEOZYMEC A~ VIO TERLREROBRR AR+ Th o7z

AL T, Vo2 BEEIZRBIT DN~ U ZIMIO%RE, LB VORI RIETEEND
BEtT 5. &S, MIBO S 7 ILOIREREORIT FEZ T T 5. N~ U U 7MLE, fEahizs v
NN OERBZEROVCAFEOLIES ONr~—R) 252 5MIT, TOERY L VVICEBISINEL D, Kig
TIE, NV U MMTICE VAT S 7V OREIS N 2B T CHRELL, £ OISN%EE LI IRENENT
AT9. REVMFHEOMITE R4 EBRER & B L, RESMEOBITTIEOZ UM ERIET 5. £0%, ~r<l
VT IMI O (BYS R OBESM) 2EF L, MIN Y 2 S VRE O BRI A BRI RIE T2 T~
TORREREIINAV< ) IMTOTENEREZBA LTS, TOFT, BELESENE (LT H2EEB LU
DOERHETH D EFIREENE(T 2B EE, ~N< U U IMT Ty SMZE LRI EMTHEO Y /3L
DIREIE— REREZEIZALMNTT 5.

2. LuniL
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2.1 EXiEE

11z, Yo SLOEREE L ZBHLHETT. VL LHROEL ATFEESEL, SNEET YD, LS
By PETOEBMLTWDIHSZRT LS. DUV T, SRRy D2 TEEN
WEICHELS 8D, Y ONVOEFIIEEOERSCERETRES N, ~HMOKRX X, RUHOES LiBihiofRE
WL THY YV LEITRR D, KFRSUTRY EF A= U 7T, BN IEO Y A\ VEOEE %3
BETHIEERTRETHD.
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Fig. 1 Cross-sectional view of a cymbal.
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TTERBRPRED. 0k, K257 X9 IC@BICEHE - v Vil ~—TIlE, 3177 &
JICERE 10mm, ES 15um BEOIELE VU SVERIZEZD (N~ 7L, &&kiZ, EHIIMLIT
A RIC < WIEZEEIR S (FiEinL).

2 __‘.

T - d A _ & s = i
Fig. 2 Hammering process. Fig.3 Hammered cymbal having many dents on the surface.

3. MRTAE

BRERFETZRANT, o= ) o IIMNL a7 IV OIREVRHE 2 ifHT 3 5 715437 5 (Kuratani et al.,
2016).

3-1 ERAREKX

N U TMTEY AV OREZAEOERN EAZEADEEMI TH Y, MIED T VIR
NBEL D, Yo VOEESITEE A LB LRV, BIEREEIIRE SELL, ZORERY /7 IVORE)
BT 5. BIMEREOR S 2 (K] LR T &, MIEDO L L OER G

[ M@} + K1+ [K @1+ DD} = {/} (1)

DEHCHETIENRTED. 22T, [MEKENY <Y 2 ZIMIRIOEEITE & BIETFI, G TmIgos
FOLVDIRIRY B b, (REFAIRT M Th D, [KONIPHISARIETS & Eh, ~o~U 7T TEL
HENIGDDEER & RUTEETE 5. R L CHTESR & L THW AR 4 #im sy = VEROBRE, BERD
& OTHSAMIMEITINIR L 725 (CBER, 1983).

. i
T, O, Sym.
lo o o
Kl =[BT | o . [B,1aV @)
' 0 0 0 0 o
0 0 0 0 17, o

ZIT, [KPIXEREERICBITS 28 (@ AR o0 ORERAZFRVE 20 BHE (5 BEEX4 HiR) 12
T DD &R0, o, Lo, TEREFERCBT HEN x HA, y FROEELS, 1, TEAMIGHT, [B,]
TN AR L BRESEMAZ BRI BTFITH 5. [DNIREITIIT, v VOB T v ATH 0 EHE
FIINENWDT

[D]=n[K] 3)

D LTI B ORPETHI[K] (= [K]+[KOD ICHBIT 2 LRE L. 3 BEEETH 5.
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3:2 BhHfEHT

TIERIS ARIPEATEI K @ 1 2RO D 120121, o= U ML ENEY VDS ST b BN D S,
ARSCTHE, N~ U IITIC L AEEER A BIS I 0HE RO 2D Tided, Bl (e, 1999) OPK
O —Z BRI AR TR\ FELEAT L. Tkbb, Ny~ ZINLTEL LS5 & B Uadi
PAEUIELEBESNIAGR A G X, BUSHEENT CIGA%ZRD S, MTIC X ABEERITIZEAE T, Fi
DR HIELS, ZORATRRIE RV oEFETHD. £2C, FNILMNETORESHE LT, KRKOHY
A AREEE RV S.

Ixr)=7;exp{~“‘;j§)_] @)

ZIT, T(r) I RRESFFL NTHL) (&R 2 HIERE r OMETOIRE, T IXRESAHRLICEIT HIEE
(RESFPLERE), s I HRESHOLRN Y ZROHIFERETHD. L BIPsIL, EEONV=T 7ML
(2 L DN EE R FE OB HIRET AMERH D, O HIEL, BB 2 O CHEETR % fif
W3 5 FEICHERTHEAR A KIBICEB TE 5. fTREIC S WL, BROe—JEEICET 240 THD
M, BREISTTOBIERR LTS R OB 72 STV A ORFHM, 1974). & 512, FF 5 (Osamura et al., 2016)
b U U TINTHEDO Y SV LENTERZ BT 5 2 & C, IS MOREEEZRL TnD.

3-3 IREMRIT
N2 Y TMI%O Y AV OEE AIREE & S IREIE— 1 ()1, EEHERE

([K]-&*[M]){g} = {0} (5)

PR T TELND. KBTI Y T X AIREEEOELE LT, BEESE At 5. 58
A5 Z T 5 L OBENFERIT

(M1} + (L + K iy = (F)e ™ .

Lied. ZIT, (FUIAMANOIRIET, o TARBHTHS. T— FEREGDEHELZHVIUE, BEER

N
=D 1919, @
r=l1

CEREND. ZIT, {3 ENTHED r ROEEE—F, ¢ (Z20EMEEL, NIHRATLE— NEThs. &
I EE g, 13

i, +(1+ jk,q, = (63" (Fle™ (8)

B L TERLND. TIT, w i r ROT— FER, £ ZE— FEMETH L. ¢ AREAT, L0
KEUSCORBIEEL, KA TEHT S LATES

Ty ih
¥ (@)} = WZ: (7} ) ©)
- ? m, +(l+ /1])1\

3-4 BEEEBBOEILFA
AKX T, N~ U TMI Ty WCE U BRI E IO Y w2 OV OREE— R E I, B
BEICEDOBLDOEREETH I EFREENENTI2EBAZKRINTH. £0HIL, N~ U 7MTicxd
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LEERBEOETFHRAELS . ~o= U o VIMIEOY v WY 5 EEHEEE (K] - 0 [M]){g) = {0} &
A A p, TR LEET S 2 LT, rikE— FOEFAREBEOBREN

) [@ — o AM] }.sa,.}

_ P P,

y 20,1} [M1{g,}

dw (10)

op

DEI/ELND. ZIZT, g3 TINIRIO r RE— ROREE— FTHD. AidOL STy~ LT
BESTITTE LB, BWEITFIOBLSN[KT] T, N~ U ZMIICRT % rike— KOEE
REM O ZIE

CANLSRIUN

Af. =
. 87 f.

Jr

(11)
TFRTED. 72721, FEE— NIg ) Mg )=1 L7225 L ICERILL TN,

4. MRITAEOREE

EKEILTIEL, N~ D UL R DV o N SVOBRBICH 2 BYS BN CHE L, /FoN oS0 2 BT
THORBEEZRD 5. IREMFE ORI T IEOZ LA Z BRI 272012, MIEgO Y > VORI EIGE %
HIEL, MRATRESR & BT 5.

FLTHERET DY VUTER 404 mm, ~VUVER 120mm, FONRE 13mm T, FOAMRESE (FE) €
FNER 4 TRT. FTICITETRESMEN Y 7 b7 =7 Ansys & AU, BFER TS = /LB (Shell 181) T,
WEIEL 1.5 mm TH—& L7z, FERFMOEFRY A X130 2mm T, MBEFRICE L TEZ-VLED 200 5E], RV
A 600 EIT, MEATORKEEREYA XTI 2mm THDH. 2k, ~VEERVEHOER CIIERY A XANE
RHDT, HEMEEANTHEE LTS, FEEMHE, EEOTV L VUEIT  SVHILEE 7 =)V B TR L
TWAHDT, WEARLE Lz, MEMEEE LT, Y 7% E-851GPa, BE p=8700 kg/m’, K7 Yt v=036,
FRIEARIAEL 0=1.76x10°/°C Z RV /.

N U TMTRIB ORISR L LT, 7 BIEED ERREE & Rt 2 BEERES D EE L MERE
BIRORBEBICELBATL. SHIC, TORBICEEPIREVIITAEL LT, ~WEE (U hbn b
£2 80 mm) ATV, K5I TEIICHE LD 50 ERTIC N~ Y M A T 72, ERTIE, v 7UrHb
25 180 mm DALEZ A 7V AN Y TIRL, MHRAE COMEELZRE L, BAEERER CEST 524 T
HE RN E B A RO, T TCIE, K6 IR T RS ICE AT EILER R UAE (50 &N C, &4L
BICHRE T, =500°C, Z¥ERZE s—2.5mm DIRESFA 5 %, EHRSEEIRET— RE2RDZ. 20%, 8
FARE n-0.001 & L, JEHE 1500 Hz £ TIZEEND 76 HOE— RE W TESR & [F UALE T O E BRI E
BEAEH Lz, 7ods, BEREOMRREITERICEDE TAFI2SH & L.

Fig. 4 FE model of a cymbal. Fig. 5 Hammered cymbal with 50 dents ~ Fig. 6 Thermal loads corresponding
on a 160 mm diameter circle. to the hammered cymbal.
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B 7 2= ) TR OB EEINVERE OB A R, [’ ()N IER R, X 70)03FHE/BRT, FF
DINLRT EER L), FRERAMIE (RESAHRET, =500°C) ThD. mRIZBWT, ~r< U7
THMRICTEORES R =7 BRLNE. ZRGIEFIEC (2,00 225 (8,00 €—F (ZZT, (mn) E—F&i
BEEE m, Hif¥n OT—N&2ET) T, MLHETE— ROANBEDLY NN L AR L TV, K%
e 5L, Nw Y U ZIITREIO FE €7 ANERICHWZ L OIRBIFE A SERIIFERTE T
eIz, MIAOREESEREO v —7 BEENEIELHECTREZ2> TS, L, SROMIFI%OE—
7 BEAE T 5 L, iR E BIITRTO B — 7 BEEICH L ONTHOE—7 BESMET LTS Z & n3b
b, LieidoT, RmXTRW-BUS BT 2RI A Loy~ ) o ZIIT % OREMSE O 7k, BER
B OEETRITEDLEZHND.

¥, Nrw U ZINLIRTOFEBRE R LFITERS—E L RWRERER & LT, frE7 /L ORES 1.5 mm
B—Thd I LXORTHOBHMPERDOY L7V ERR>TNDLZERBZLND. £z, MIATOE— 7 &K
o L TII#O E— 7 BEEMET, 320 bEFRGEIMET T 28AIC>0 T 6 - 2 Hi TRET 5.

—: Before hammering —: No load
= 0.8 — After hammering =0.8¢ — Te= 500
£ &
2 0.6} g 06 1
> >
=04 =04 1
) ]
=} S
=02 =02 1
0 , 0
0 100 200 300 400 500 0 100 200 300 400 500
Frequency [Hz] Frequency [Hz]
(a) Measured (b) Calculated

Fig. 7 Comparison of velocity frequency response functions (FRFs) before and after hammering. Both the measured
and calculated FRFs show that each peak frequency after hammering (and for 7, =500°C) decreases from the
corresponding peak frequency before hammering (and for no thermal load).

5. N\IRYUTMINREEEICRIZTRE
EEO VL, RUBEEICA = ) CTMIREIN TS, £2C, K 8IRT L D IZ¥EFRIZ 12
&FT, HEFEIZ 50 &P, 5t 600 ETCEVER A 52, BESATLEE (N~ 7MIoEE) NIEERE
PRI RIETEEBERD.

Fig. 8 Thermal loads applied at 12 points in the radial direction and 50 points in the circumferential direction.

5-1 RARBIEEDNEIL
AW L NTRD CEESHPEET, =300°C, T,=400°C (INT#) OBAICONT, E2HOE— N
i SIVBEEUSE OBOB BT VIR - IEERE LT, Y u 7L bns 180 mm OALEOH R EZ R,
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U EE IS E B A R, B— FEREDOEORAET— REE 15000Hz £ TO 765 — NT, HRFEK
n=0.001, JEEECIARRE AF0.1 Hz & L7z, BT 2 JEMEEE & LT, RO 51 T S REARE O @V VE R
2000 Hz 7> 5000 Hz 23 A 7. 7233, 2000 Hz LATFIZ13 100 EOE— R (6 BEORIEE— K& 45 HOERE— R
ZE&te) AFETEL, 2000 Hz 7> 5 5000 Hz ORICIE 144 EOE— F (70 HOERE— N2 ETy) BNEETS.

X 9 IS AFRBUSEREE Ok A R, K 9@QMAEET 2L, B 9b)AS T, =300°C, X 9(c)A} T, =400°C DFAE T
bhH. BPERMEEAZDL LTV RERBLEZOE—7ENELL TWDZ L2bhnd. T,=300°C TlE, #&
772 L & H"C 3300 Hz, 3700 Hz, 4400 Hz fHEICH72IZRE 72— 2%, T, =400°C CiX 3700 Hz T2 H 721
RERE—=IHRENTWD., N6 Enb, N U U IIMIoMS (BESHELEE) 2Ly, Bk
BERELT D2 LD, Ty~ U IIMIOMET, RENIEDOY SV EOBEEDOEIZ D7

"5,

0.15
€ o1l -
£
2
Z 0,05} k
S |
oML W\ PR
2000 2500 3000 3500 4000 4500 5000
Frequency [Hz]
(a) No thermal load
0.15 T T v - -
< o} ;
g
=
= 0.05} ;
[
=
2%00 2500 30'00 3500 4000 45r00 5000
Frequency [Hz]
(b) 7.=300°C,
0.15
z
< 01} :
E‘
=
Z 0,05} | 1
§ ‘
| | I' | )
AR AU R AU AR I

2000 2500 3000 3500 4000 4500 5000
Frequency [Hz]

(c) T.=400°C

Fig. 9 Comparison of FRFs for the three thermal loads. Changing the thermal load shifts the peak frequencies and
significantly changes the corresponding peak values. Especially, for 1. =300°C, three large peaks are observed
between 3000-4500 Hz.
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5-2 RBARBCENETSHER

Hifi R LEBAR A 525 2 L TE—7 AREB IO — 7 ERET 28R 2835, 22T, —f6l
LT, BIb)DT, =300°C IZIWTRERE —7 PBIE I/ 3300 Hz FHIICERT 5. K 1012, K9 DOFEH
&6 3310 Hz 75 3370 Hz OIEKREZ 7T, X 1038 E& w2 L, X 10(b)23 T, =300°C, [ 10(c)7} T, =400°C
DEFETHD. Fiz, R1IZK 10D 3 @D E— 270G 5 EHIRSROERE S AH.ORECHT 52 %,
1 IIRENE— MR AR, 7eds, BB A 52 THE— FERICKERE(IZR e h o Tz,

10 IZHBWT, AR L TIXE—2 BZ21ET 528, T,=300°C TE—27 82212720, T,=400°C TlX
BUOZ 20— 08N TWA. 51T, T,-300°C @ 3334 Hz OB —7{HE, MUl TRk&EL</L>TA.
ZOEBEE, R 1 OEFRBEOENNOHATE D, BETELEZDHZ L TAL)E—FE(14,2)F— FOEAF
FEEUTI LR L, @, 5T FOBRBFRBEIIMET I 5. T,=300°C ® & x(11,3)F— K&, 5)F— NOEFIRS
BHE—HL, ZHOOF—ROE—7PNERD L TRERE—IPERIND. 1,=400°C TIZEFREEDE
EAREL, 1,=300°C TER> TWeZHoDOE =7 BoRET 5 2 L T=Z>0 8 — 2385, 2%, 3300 Hz £+
T L, tMOBEROREL Rol =27 1oV T HRIBRICHRATE 5.

0.15 0.15 r 0.15

£ 0.1 0.1} 0.1}

&

2

5 0.05 1 0.05 0.05}

p=

0 - 0 0 - -
3320 3340 3360 3320 3340 3360 3320 3340 3360
Frequency [Hz] Frequency [Hz] Frequency [Hz]

(a) No thermal load (b) 7., =300°C (c) T,=400°C

Fig. 10 Change in the frequency response function. The number of peaks decreases from three for no load to two for
T.=300°C and then returns to three for 7, =400°C. For T, =300°C, one of the peaks is remarkably large.

Table | Dominant modes near 3300 Hz. As the thermal load increases, the natural frequencies of the (11, 3) and (14, 2)
modes increase while the natural frequency of the (4,5) mode decreases. When 7, =300°C, the natural
frequencies are the same for the (11, 3) and (4, 5) modes, generating a large peak.

Thermal load No load 1, =300°C 1, =400°C
(11, 3) 3323 Hz 3334 Hz 3337 Hz
Natural Frequency | (14,2) 3344 Hz 3357 Hz 3360 Hz
4.5 3348 Hz 3334 Hz 3327 Hz

(a) (11, 3) mode (b) (14, 2) mode (c) (4, 5) mode

Fig. 11 Mode shapes for the modes shown in Table 1. The (11, 3) and (14, 2) modes have a large number of nodal
diameters and a small number of nodal circles while the (4, 5) mode has a small number of nodal diameters and
a relatively large number of nodal circles.

[DOI: 10.1299/transjsme.17-00110] © 2017 The Japan Society of Mechanical Engineers n



Kuratani, Kitabayashi, Ogawa, Yoshida, Osamura, Koide, Monju and Mizuta,
Transactions of the JSME (in Japanese), Vol.83, No.851 (2017)

6. EREBHEHNELYSHEH

BIET, Nl ML EzERLEAAMII VEEESHES LFE T2 REETID2E— KRB, +
OFERE— 7 O~ OREEVBBITAHZEER LT, KETH, T— NI L ICEHARESEOEBES
HEHAE, BAR (< U T Ty oW AE D A EIITRIO S V8V OREE— Rk 2 &
R 5.

6:-1 BAK W\ UVINI) ITkBEHASH

X 1212, X 8 DEATNE CIREN A T IR T, =300°C DBEDIEANAiETRT. X 12(2)23X 8 DFEIET,
B 12(0) S EAED ST, B 12(c)BBIBOERADBERCH L. K 12(a) & (b)H> b K EX A MR D OB T EVETT
ML —BT 5. — 5, K 12() & ()0 bR E BRI NIBBHRALBLIMNI A L TN D Z &b, ZhiZ,
BERTAE 2D CATERITED Y OBENOMEEZZFERICHEZEL, TORERE LTRAROEDY I
FBIRIE INAE L B0 TH 5.

RETTIE, EMPRRNE L TREMAZEFRCEZ TS, 22T, ¥EIAOKBARKOTLEREAL
BEDIESD BAFFIREIED) EBEHOFLERBARL 2 AOBROEA T EBHBR OIS (BARTRER L
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(a) Thermal load (b) Compressive stress (c) Tensile stress

Fig. 12 Stress distribution. The compressive stresses exist at the locations of thermal loads while the tensile stresses
exist around the thermal loads.
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Fig. 13 Stress distribution along the radial position. For the radial components, the high stresses distribute over the bow
that are all compressive or all tensile. For the circumferential components, they alternate from tensile to
compressive along the radial position.
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Table 2 Prediction of natural frequency change for 7, =300°C.

Mode Natural frequency change Prediction by Eq.(11)
(11, 3) 11.0 Hz 11.9 Hz
(14, 2) 12.5 Hz 13.2 Hz
4,5) —14.5Hz —14.6 Hz
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