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When  using  wine  glasses as  musical  instruments (also referrcd  to as  the g]ass-harp), the pitch
needs  to  be minute]y  adjusted.  That is. it needs  to  be tuned. A  wide  adjustment  range  hus

heen achieved  by a new  methed  that [ocally shaves  the  bottom of  the cup  of  each  vessel

circumt'erencial]y, The  pitch decreased in proportion to the  guantity ofglass  shaved  This
relationship  between the  guuntity of  glass shaved  nnd  the change  in pitch xvas  clarified  both

experimentally  and  unalyticully  b.v Finite E[ement Method  (FEM) anu[ysis.  The  amount

of  pitch change  accompanied  with  the shaving  mcthod  is occasional]y  ]imited blr the  vessel

shape.  ]n sueh  cases, pitch cun  be chttnged  by fi11ing wine  glasses with  specific  quantities ot'
wutcr,  a wel]-knewn  cenventienal  tuning  method.  This auxiliary  method  has been mea-

sured  experimentully  and  analyzed  by FEM  to clarify  the re]utionship  between the  water

quuntity in vessels  and  the amount  of  pitch change.  A  hurmonics unalysis  was  also

pertbrmed. Using these procedures, prediction of  vibrutien  i'requenc.v eou[d  be done in
advance.  which  means  a desired pirch ean  be easily obtained.

Keywordsi  Glass harp  Vibration analysis,  Flnjte elernent  method,  Tuning. Localized

         shaving

PACS  number/  43. 75. Kk, 43. 7S. Yy

          1. INTRODUCTION

  The  gluss harp has a  long history as a musical

instrument, because it can  be simply  composed  from
wine  glasses, The harp  is p[ayed by rubbing  the

rim  of  each  glass with  a  moist  finger. Despite  the

glass harp's simplicity.  it has a very  pleasing sound,
which  has been  described as  

`"a
 sound  from heaven",

  When  using  wine  glasses as  musical  instruments,
it is necessary  to adjust  the piteh minutely.  The
water-fi11ing  method,  which  has been widely  per-
formed, is one  efTective  method  for adjust{ng  pitch.
In spite  ol' its etfectiveness  and  the simplieity.  how-
ever,  it has some  disadvantages. These include the
need  to adjust the w'ater  level just betbre the perfor-
mance  and  the smal]  extent  that the pitch can  be
changed.  We  have achieved  pitch change  w'ith  a

method  that has many  advantages  over  the  conven-

tionul  water-fi11ing  method.  In this method,  we

shave  the bottom part of  cach  vessel  locally and

circumferentially.  Our  final goa] for the glass harp
as  a  musical  instrument is to be able  to use  only

commercially  available glasses.

  Howeven  the number  of  pitches that  can  be
obtained  by using  only  commercially  available

glasses. even  "'hen  the  shaving  method  is fully
adopted,  is limited by {he kinds of  "'ine  glasses
ttvailable  on  the market  (in other  words,  the  finite
vuriety  of  shapes  and  sizes)  and  thus the iimits oi"

pitch change  that can  be achicved  by shaving.

Therefore, the water-fiILing  method  must  slili be
considered  as  u necessary  auxiliary  rnethod  fbr
making  minute  pitch changes,  Even when  the

water-fiIEing  method  is used,  the  water  volume

required  is much  Eess with  the shaving  method  than

without  it. This is irnportant because better timber
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can  be obtained  with  less water,  as  shown  below.

 This study  pcrfbrmed  tt Finite Element Method

(FEM)  analysis,  as  well  as  an  experimental  investi-

gution, to analyze  the vibration  (inherent fundamen-

tal and  harmonic  firequencies) of  wine  glasses.
Previous research  has been done on  the wine  glass
vibracion  mechunism,i-'i)  hitherto, the  mode  study"'5'

and  on  an  analytical  natural  resonant  frequency

study  ofthc  simple  winc  glass model.G)  How'ever,
such  research  with  regard  to the  tuning  has not  been

eondueted  yet.

   2. VIBRATIONANALYSISUSING

   THE  FINITE  ELEMENT  METHOD

2･ ,l Condilions ofthe  FEM  Analysis

 Three types (A,B,C) of  commerciully  available

crystal  glasses (PdO 24%) of  different sizes were

prepared in order  to  experimentally  confirm  the

FEM-unalyzed  results  of  the wine  glass vibratiens.

Plural glasses were  prepared for each  type  of  g]ass.
Table Hists the  main  dimensians measured,  whose

definitions are  shown  in Fig. 1. Thethicknessdata

of' each  g[ass which  varies  according  to the  height,

Tablc  1

 glasses.Main

 dimensions of  the

G]ass type

A B C

l-thditw 1909I6679 170766070 140625058

Unit : mrn

¢

M
h

H

Fig. 1

H  :Total  height

h ; Vessel'sheight

di : Diameter  ot the  top  of the gjass

M  : Maximum  diameter

Definitions of  winc  glass dimensions.
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were  obtained  through  measurement.  Though
shapes  of' thesc threc types of  glasses resemble  each

other,  they are  not  exactly  the same.

  Figure 2(a) shows  a  cross-scctional  vicw of  a

glass. which  is ciivided jnto finite elernents.  As is

show'n  in thc 1'igurc, cach  clement  has tt quadrilatcral
shape  that  has four nodal  points. This dixiision

into finite elements  rcquircd  a finer trcatmcnt. i,e.,

srnaller  elements.  for the area  around  the shaved  part

than  l'or the  other  purts ol'  the  glass. The  shuving

method  will  he described later, This cross  section

was  rotated  360 degrees and  the solid  glass was

divided equall>･  into 36 circu]ar  urcs  around  the

circumi'erence,  resu]ling  in cubic  finite elements  that

were  each  composed  ofeight  nodal  points, as  sho-'n

in Fig.2{b). The  boundary  conditiens  rcquircd

the bottom ofthecup  ofthe  glass to be fixed, The
material  constants  ofthe  glasses ure  shown  in Table

2.7) For these glasses. we  first anaL},zed  the  vibra-

tion frequencies using  FEM  analysis  (MARC4  sof'L

   360deg.
  t

y

A

d/l1±-･udiu]tTlsit/[//11cF"hM.
                 (1,)thlecd/i/iu/]sr,/rml
 .twl//)nnl L･ /cx-' ol' a
                  vlt'w

 g-/ISSFig.2

 A  wine  glass divided into its finite ele-

 ments,

'rable
 2Materialconstants.

x

Young's  modulus

Poissen's ratie

Mass  dcnsety

 Wine  g]ass

6.l5 × lomN!mA

   O,25

3.0 (  IC}" kg!ni3
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ware  was  used),  The  eigenvalue  ana[ysis  wah

adoptcd  for thc glasses without  water,  and  the Huidi'

solid-coupled  anal},sis  was  adopted  for the glasses
with  water,

  Figure 3 sho-'s  the analytical  results of  the rela-

tionship  between the number  o[' circum['erencia:

divisions and  the  inherent i'requency ofthe  multiplc

vibration  modes  for the A-type glas$ without  the

nN=vtsU[e]U9u-c.gK4;

70006000soeo4oeo

300020001OOO

  o

LQD---o-･  
1

t

 l3,
   o  le  2o  3o  4o  se

         Numberefcircumterencialdivision

Fig.3 Relationship between the  number

 circuml'erencial  divisions and  vibration

 queney.

 offT'e-

60

HARP

vessel  bottom shaved  and  without  water.  Here, the
definition of' each  mode  corresponds  lo the  previous

research.-  A  typical example  of  these rcsults is
shuwn  in Fig, 4, (The vibration.  ho-'ever, is exag-

gerated here.> i'igure 3 indicates thttt each  fre-

quency becomes ulmost  conscant  when  the division
number  is bctNiv'een 30 und  40. Frotn these results,

36 was  adopted  as the division number.

2.2 
'Fhe

 Re[ationship between theGlass  Shape and

    
iv'ibratien

 Frec]ucne),,'

  F'igure 5 shows  the relutionship  between the

magnification  power n  ( 0 ･,'. n",1  3 ) and  the  l'undu-

menlal  vibration  i'requencics of  a  B-typc glass. (ln
this case.  The  rnagniticatien  power  n  relates  to eN'cry

portion  ol' the  vessel.  ineluding the  height. diameter

and  thickness,) Thls -'as  ebtained  through  FEM
analysis.  

rl'he
 re[ationship  reveals  an  inverse pro-

portion, whose  numerical  equation  is put inside the

figure, The  reason  for this inverse proportion can
bc explained  us  f'ellows, The  eigenva[lie  analysis

t'or the  vibration  is govcrncd by thc following ectua-

tiOll Of  1110tiOll :

              M.r"+K,t'=O  (1)

(2, O) Mode

t.

Fig. 4(1,

 O) Mode

Vibration modes  of  a glass,

(4, O) Mode
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ANrvy-hU[o]cryu-[9'PEAs

500

400

300

200

1OO

     o
       O l 2 3

             Magnificat  ion power  n

Fig.5 Relationship between the magnittcation

 power  n  and  the  vibration  frequency {Type B).

ANIv--ptu=o=v9--[.9tsb>-

1000

800

6oe

400

200

     o

      O 1 2 3

       Magnificat  ion power n  of the  thickness

Fig.6 Relationship between the  magnification

 power  n  of  the thickness  and  the vibration

 frequency (Type B).

Here, M.  x  and  K  are  the  mass  matrix,  displacement
vector  and  stiffness  matrix,  respectively.  When  the

periodic solution  for x  is set as

              x-Xexp(iwt),  (2)

Equation (1) can  be described as f-ollowsi

             [-wZM-K]X-O (3)

Frem  this  equatien,  the angular  vibration  frequency

can  be obtained.  When  glass shape  varies  similarly

(the magnification  poN-'er is n), the mass  and

stiffness are  prbportioned as n3  and  n, respectively.

Consequently, M  and  K  in Equation (3) should  be

set as n"M  and  nK,  Substituting these into Equa-

tion (3), and  settlng  the angular  frequency to be wl
the  fo11owing equation  can  be obtained  :

            [-(nw')2M+K]X=O (4)

Accordingly,  the  reLationship  a)'=- cvln  can  be

obtained.  This shows  that the vibration  frequency
is proportional to 11n even  for a wine  glass with  a

very  complicated  shape.

2.3 The  Relationship between Wine  Glass Thick-

    ness  and  Vibration Frequency

  Figure  6 shows  the  relationship  between  the

magnitlcation  power  n  ( e < n$  3 ) ef  the thickness

for a B-type  glass, and  the fundamental vibration

frequencies. (ln this case,  the magnification  pewer  n

reLates  to only  the  thickness  of  the vessel.)  The

relationship  reveais  a  direct proportion, whose

numerical  equation  is put inside the figure, The

reason  for this  preportion  can  be explained  with  a

procedure similar  to the previous section.  When

glass thickness  varies  with  the magnification  power
n, the mass  is proportional  to n  and  the stiffness  is

approximately  proportional to n3. Then, the  fo1-
]owing Equutien (5) based on  the Equation (3) can
be obtained  :

            [-(w'7n)2M t- K]X-O  (5)

Accordingly, the  re]ationship  w"=nw  can  also  be
obtained,  This shows  that the vibration  frequency
is directly proportional to n  even  for a  wine  glass
with  a very  complicated  shape.

    3. MINORCHANGESINPITCH

    DUE  TO  LOCALIZED  SHAVING

           OF  THE  CUP  BASE

  ln order  to  achieve  minor  changes  in the  pitch ef
a glass, we  tried a  method  involving localized shav-

ing of  the bottom of  the vessel  of  each  gluss both
ana]yticalty  and  experimentally.B)  The  shaving

was  performed circumferencially  at the  base of  the

cup,  just above  the stem  of  the glass, as shown  in
Fig.7. This method  was  chosen  to muke  the

mechanical  shaving  itseLf and  the analysis  easier.

The  experimental  shaving  was  performed using  the

fo11owing method.  First. a glass was  set on  a

manualLy  rotating  plate and  then  ground using  a

grinder, set at 30,OOOrpm. The  processing time

needed  for shaving  several  gTams ofglass  was  rough-

ly several  minutes.  The  drill diameter of  the

1OO
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Fig,7 Method  for shaving  a  gluss cireumferen-
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   Relationship mass

shaved  and  the  normali7ed  fundamental vibru-

tion f'requency (Types A, B, C),

0246

  Gass  mass  shaved

 8(g)

AN=L..hu=an]U9g-=.9tiLp.>fi-coENv[=L1800

1600

1400
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1000

800
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400

      O2 4 6･ 8

          aass  mass  shaved  (g)

Fig.8 Relationship between [he glass mass

 shai'ed  and  the  t'undamental inherent fre-

 quencies (Types A, B, C),

grinder was  5 mm.

  Figure 8 shows  the analytical  and  experimental

relationship  between fhe  glass mass  shaved  and  the

fundamental inherent vibration  t'requencies for the
A-. B-, and  C-type g]asses ofTable  1, A  sound  and

vibration  signal  analyzer  {SA-74, Rien  Corp.) was

used  for the  experiment.  Figure 8 shows  that every

vibration  frequency decreases linearly with  the

quantity  of  mass  shaved,  keeping both experimental
and  analytical  gradients aLmost  the same.  The

quantitative diflerences between the analy{ical  and

the experimental  results  are  likely due to the

diffbrences between the cross-sectional  shapes  ofthe

reui glasses and  those  analyzed.  The  harmonic

frequencies also  docreased linearly, keeping the

rutios  ef  these  frequencies to those of  the respective

fundamental frequencies being constant.  The  max-

imum  decreases in the vibration  frequencies by thc

shaving  were  51 Hz, 76 Hz  and  t58 Hz  for the A. B
and  C  glasses, respectively.  These values  corre-

spond  to ubout  O.6. 0.8 and  ].O times a semitone,

respectively,  Figure  9 shows  simiiar  results  when

these frequencies are  normalized  againsi  glasses that
have  not  been shaved.  From  the figure, it can  be
coneluded  that  the  smaller  the  gluss, the larger the

decrease in the t'requencies.

 The  basic mechanism  t'or the  characteristic  linear
decrease tendency  is as fo11ews, When  a g]ass is
shaved,  the K  value  should  be set  sma]ler  than  t'or

g[asses that are  not  shaved.  However. Ihe M  yalue

in  Equation (3) can  be regarded  as  constant  because
the shaved  mass  quantity {s smal1  compared  with  the

total mass.  This leads to a lower vibration  fre-

quency than  for non-shaving  glusses.

  As  sN'il[ be described later in more  detail, our

results  have preyen that the amount  of  shaving

required  can  be analytically  predicted beforehand if
the inherent vibration  frequency bet'ore shaving  has
been measured.

   4. MINOR  CHANGES  IN  PITCH

    DUE  TO  THE  WATER-FILLING

              METHOD

 As described above,  even  it' the  shaving  method  is

fully adopted,  the pitch range  obtained  using  only
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commercially  available  glasses is limited. This is
due the  limited variety  of' wine  glasses available  on

the market  (in other  -'ords,  the finite variety  oftheir

shapes  and  sizes) and  thus  u  limitin the  pitch change

that can  be achieved  by shaving.  The  water-fi11ing

method,  therefore. must  sometimes  be considercd  as

a  necessary  auxMary  method  for making  minute

pitch changes.")  Evcn whcn  the u,ater-tilling

method  is adopted.  however, the water  volume

required  is much  less with  the  shaving  method  than

without  it. Fur{hermore. using  the shaving  method

combined  with  the  water-filling  method  also  pro-

vides  better timbcr  bccause bctter limber  cun  bc

obtained  with  less water,  as shown  later.

  An  FEM  that  adopts  the  fiuidlsolid coupled

anal}'sis  us  well  as  an  cxpcrimentut  invcstigation

was  ulso  performed to ana[yze  the vibration  (inher-
ent fundamental und  haFmonic frequencics) of  wlnc

glasses. Other procedures conducted  were  similar

to those in the cup  base shaving  experiment.  The

additional  material  constant  necessary  t'or the  ana]y-

sis is a mass  density of  w'afer  of  l.O× L03 kgfm3.

  Figure  1() shews  the  FEM-analyzed  and  experi-

mental  results  ofthe  relationship  bet",een the water

volume  ratio  {%) and  the inherent fundamental <2,O)
mode  {'requencies for the  three  types  of  glusses in

Table ]. Here, the water  volume  ratio  is expressed
as  the ratio  ofthe  water  in euch  vessel  to that of  full

capacity.  As  shown  in the figure, the vibration

frequency gradually  decreascs non-linearly  with

wutcr  volumc,  The  tendencies  of  each  curve  for
both the experimental  and  the FEM-analyzed  results

coincide  well  with  each  other.  The  reuson  for the

ANIL..h:g8t･2-EgJfiP[
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18001600

    
t4oo  

12001000
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O.6

   O O.2 O.4  O,6 O.8 1,O

       Water  vo[ume  ratio

 Relationshipbetweenthewatervolume
and  the normalized  fundamental vibra-

freguency.

quantitative differences in the  absolute  values  is the

same  as  in the case  of  Fig, 8. The harmonic  fre-

quencies alse  decreased non-IinearLy,  keeping  the

ratios  of  these  frequencies to those of  the respective

f'undamenta['freguencies being constant.

  Figure  l 1 shows  similar  results  when  the  inherent

fundamenta[ vibratien  frequencies are  normalized

by those without  water,  As shown  in the figure, the

normulized  frequencies decrease simiiarly  regardless

Qf  glass size. This curve  fits the following experi-

mental  Equation (6)i

              JE]Drm.=1-O.5  p3 (6)

Here, A.,.. is a normalized  frequency, and  p is the
ratio  of  the water  velume  in each  vessel  to the

volume  at  t'ull cupacity,  Thecorrelation coeMcient

between the equation  and  the experimental  data sN'as

caiculated  to be O.99.

  The  reason  fbr the  fi'equency decrease can  be

considered  as fo]lows. In the fluid/solid-coupled
analysis  of  FEM,  water  is set  to be an  ideal liquid,

that is, a non-compressible  ]iquid. The  equation  of

motion  can  be rewritten  based on  Equation (3) :

          [-.r"z(va+M})+K]X;O (7)

Here, Mli and  M} are  the  g]ass mass  and  water  rnass,

respectively,  The  K  values  in Eq.(7) and  Eq,(3)
are  equal.  Comparing  Eq.(7) with  Eq.(3), of"
should  decrease corresponding  to the increase in
mass  t'rom Mk  (without water)  to ILdk+M} (with
water).

  The tirnber, however, gradually worsens  as the

water  volume  increases, becoming  c]early  unpleas-

NII-Electronic  
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 Table 3 The  maximum  adaptable  decreases in

   the  s,ibration  frequeney.

HARP

GlasstypeShuvingWatcr
 fillingTotalM,P\

AB(lt 51 Hz76l5S 233.s50  74111208--O.9.L1.2-･1,4

*Magnit'ying
 powcr  to semilone.

ant  when  the  water  votume  ratio  exceeds  roughly

40%. Based on  these considerations,  we  set the

maximum  adaptable  water  volume  ratio  to be 40%.
Therefore. it can  be concluded  that  the  maximum

decreases in the vibration  f'requency f'or each  glass is

23 Hz, 35 Hz  and  50 Hz  for A, B and  C glasscs,
respectively.  These  values  correspond  to about  O.3,

O.4 and  O.4 times one  semitene.  respetrtiveLy.

  Table  3 summariies  the  maximum  adaptable

decreases in the  vibration  f'requency {H7} and  the

corresponding  m"gnifying  powcr  in the semitones

for A, B and  C  glasses, when  both the  cup  shaving

and  the water-Mling  methods  are  adopted,

       5. TIMBERESTIMATION

  The infiuence of  the vessei-base  shaving  and  the

wuter  volume  rutio  on  timber  Lv'as  studied  through  a

harmonics estimalion,  As mentioned  earlier,  tim-

ber gradually worsens  as the water  volume  exceeds  a

eertain  percent ('v40%) of  the  vessel's  volume.

HoN-'eN'er, -'e  found that when  the base ofeach  vessel

-'as  shaved.  thc timber  did not  worsen  at  utl.

  Figure 12 shows  the relationship  bet"'een relative
amplitudes  ofthe  second  and  third harmonics (dBr :
the ratios  of' the second  and  third harmonic ampli-

tudes  to those  of  the  respective  fundamental fre-

quencies for three types of  glas.ses) f'or botb the

shaved-mass  and  the water-volume  ratios,  Water
was  peured into each  vessel  after  the base was

shayed  as much  as  possible. The  experimental

results  showed  that I) the relative  amplitudes  of

every  harmonic -'ere  almost  independent ofthe  mass

shaved,  und  2･) al] relative  amplitudes  for every

hurmonic, except  that  of  the  second  harmonic,

sho-'ed  little relation  {o water  vo]ume,  but the rela-

tive amplitude  ot' the  second  harmonic  increased as
water  volume  increased, At around  the 40%  water-

volume  ratio,  the  relative  amplitude  of  the second

harmonic was  less than  about  20 dB. These results

clarified  thut  the  timber  aggravation  that accom-

Aanvvasv=t'aENo)･"Nvor
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    Fig.12  The  relationship
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    6. PREDICTION

  Based on  the reasons

was  proven  to be effective  in
achievable  ['rom glasses
different amount
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               relative
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O,2 O,4 O.6 O.8 1.0
Water  volume  rat  io

   the ralios  of

    amplitudes

     x-'ater vel-

wuter  volume  is mainly  due to

    amplitude  of  the second

                     OF  THE  PITCH

                    above,  the FEM  analysis

                         predicting the pitch

                   of  various  shapcs  thut  have

              of  muss  shaved  and  water  vQlume,

The  concrete  method  fbr estimating  pitch in advunce
is performed according  to the following procedures,
  1) When  a  certajn  pitch is required,  the proce-
dures in Section 2.2 and  2.3 can  be used  to find an
approximate  size and  shape  for a  glass.

  2) When  a glass is obtained  that  has a  shape

close  to that found in precedure 1, we  can  accurately

establish  both its analyzed  and  measured  inherent
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l'undamental vibration  ['requencies, f;c and  f]rrb,
before the  cup  base is shaved.

  3) 
'l'hc

 s,radient valuc  h f'or the relationship

betxveen the  mass  shaved  from the  N･'essel and  the

f'requeney can  also  be calculated  using  the };EM
analysis  of  Chapler 3.

  4} Combining  the values  .la. and  b, we  can

caleu]ate  the exaet  amount  ofshaved  mass  required

to obtain  the  objective  frequency. and  the  objective

pitch can  be at{cmpted.

  5) Whcn  the pitch accemplishcd  in thc abovc

procedures is still out  ot'  the  target  one,  the  water

volume  nccdcd  for thc precisc pltch udjustment

shouid  subsequentl}'  be calculated  using  experimen-

tal ELtuation <6).
  Through  these procedures, ttic objcctive  pitch can

be obtained.

           7. CONCLUSION

  [)ue to the Iimited x,uriety of  comrnereially  avuil-

ablc  glasses (in ether  words.  a  small  vuriety  of

shapes  and  sizes)  ft]r the glass harp, a  glass shaving

method  hus been developed ['or making  minute  pitch
changes.  The  wine  glass vibration  "ias  analyzed

using  Finite Element Melhed  (FEM) unal>,sis  und

an  cxperimenta]  investigation. The  vibratlon

mode  was  clarified  through  the FEM  analysis.  It

wus  l'ound that  the experimental  und  analyzed  fre-

qucncy changcs  for the shaved  mass  and  water

volume  nearly  coincided  with  ctich  othcr.  This

shows  thut FEM  Etnalysis  cttn bc effkictix,e for predict-
ing the pitch of  various  shapes  ot' glasses. ]t was

also  found that  ihe  timbcr  ags,ravation  corrcspond-

ing to an  increase in water  volume  ",as  caused

mainly  by un  increase in the second  harmonic  ampli-

tudc.
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