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'l'he
 iapping  scmnd  ot' wood,  -'hich  includcd sitka  spruee  and  maple  used  fbr muslcal

instruments, aad  isotropie materials  wEis  anal>,zed  into power  gpectra  every  one  fllilliscconds

and  their transtent charactcristics  were  invest{gated. The variations  of  113-oetltvc bund

power  spectra  with  tirnc  werc  visualized  in three dirnensions. 
'Fhe

 rise  tinie 7;･ and  :/he

deerement rate  ",ere  {nvestigated at eaeh  ]13-octave band. 
'l'he

 Z  decreased rapidly  with

increasing frcquencics up  to the first tnocle  resonance  regardless  ofthc  materials,  lind  tlien the

yariation  ot' T; dependcd  on  the materials.  The  I'ormer depended only  on frequency Rnd  the

latter en  ficxural resonance  intensity. Sitka spruce  uscd  for soundboards  showed  the high

Ievel up  to the midcike  frequency range  anct then, decreased considerably  the levei by
increasing considerab]y  the  intc-rnal hietion and  showed  the  t'astesi rising  characteristic  in the
high freguency range.  This characteristic  ln the high i'requency range  was  attributed  to thc

shear  elfect  {n which  sitka  spruce  was  the greatest,

Keywords:  Transicnt response,  Tirne-t'requency anatysjs,  Yisuaiization, Rise tirne, Deere-
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           g. INTRODV ¢ TgON

  The  [enes  of  such  musical  instruments as violin

family, guitars and  pianos  are  definitely afibcted  by

thc  materiats  used.  Therefbre, the frequency char-

acteristics of1he  materials  used  are  indispensable for

the study  on  the materials  for musical  instruments,

and  moreover,  it is necessary  to supp]y  not  only

steady  characteristic  but also  transient characteristic.

However, the former has exciusively  been invcstigat-
ecl and  rhe  latter ha,s hardly been investigated,

  ln the author's  previeus paper, the frequency

characteristics  under  f'erced vihration  in xN'ood,

which  includcd sitka  spruce  and  maple  for musictt1

instruments, and  isotropjc materials,  which  were  for

comparison,  were  investigated.L) In this study,  in

order  to invcstigate their  transient  charncteristics,  the

t,ime-fi'eqLiency  analysis  of  tapping  sound  has been

carried  out  by using  a real  time  octave  band  ana-

lyzer. It is the purposes ot' this study  to visualize

the results oftiine-fi'equeney  analysis,  i.e, the  power
spectrum  variation  with  time,  ln three dimensions

and  to investigate the rjse time and  the  decrement
rate  as  a  function of  frequency and  to ctarify  the

mechanism  of  the frequency characteristics,

           2. EXPERIMENTA".

  Samples  were  the  boards used  in the autlior's

previous paper on  fi'equency responses  of  woodi)

and  the  boards of  an  alumina  ceramics  (AlzOs) and

a  soda  glass with  the same  shape  and  dimension as

them.  They  were  shown  in Table 1,

  A  tapping  appaTatus  used  in this  experiment  was

shown  in Fig. I, The  details had been described in
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'Tnbae
 l. Characterizationof test boards bv vibratien  methods.

 pgfcmHfii.Hz .fiRl'lz gi}.GPa G, gi
GPa  × lo"g'i

 GLR
xlO"  GPa(alp)im        G.fG,,,× 103 tnls

Sitkn spruce  1
Sitka spruce  2

Hemlock
MapleMuhogany

Matoa

O.S36o.4g2O.479O.668O,595O.7531,049.4IS}22.7

 733.6

 616.6
 641.7

 
'741,1.3

23i.7269,Ol74.S23],2237,12E9.516.9:4.4I2.3ll810.819.2O.g42t.02O,705I,641.49L666,677,336.2710.97.017,27]9,4]8.222Al9.9l4.322.3O.96SO.864O.9091.741.18t.265.625.475.074.204,265,e517,S16.713.56.789.15]S.2

Acrylic resin  t.[8 4Sg.O 5,25 5g.1 f.91 2.ll
Soda  glass 2.49 96g.7 72.6 E,98 3J.O 5AO
AIuminum  2.69 i087.7 70.9 1,02 27.2 5.13
AEumina  (.]er. 3,9i 2197.0 375 e.i52 164 9J9
*p:

 density, fl/ ftexural resomml  frcqucncy at  the first modc,  E / Young's modu}us,  G:  shear

internal fric,tion, g. / direction along  grain, R  : direct{on aeross  .g.rajn, LR  : regularly  grained plane.
in isotropic m}tteria]s  are  the  values  in their rcetangular  bars.

2.752.342.612.29

modulus,  e-':
The  E  and  g'i
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the author's  previeus paper.2) The  tapping  souriC[

signal  was  inputted to a real-time  octave  band
analyzer  and  analyzeri  into lf3-octave band  power
spectrum  every  one  mMiseconds  for one  second,  aild

so  EOOO spectrum  pal/terns were  stored  every  one

tappingsigrial$.  Tl]etmalyzed frequency rangewas

25 lt･{z-20 kHz  of3e  bands. 
'ffhc

 indicated vtilucs  oi'

sound  pressure level (SPL) were  calibrated  by using

a  sound  level calibrat,or.

  The  Young's rnodulus,  E, and  the internal fric-
tion, Q 

i.
 ofthe  boards and  bars with  free both ends

were  rneasured  by using  k' tlexural vibration  at the

first mode,  The  shear  modulus  in LR  (regularly
grained)  plane, qR, and  thc torsional jnternal t'1'ic-
tion,  e-i, of  the boar.ds with  free both ends  werc,'

rneasured  by using  u  torsionat vibration  at the first
mode.i)  A]1 the measurements  weye  macle  in a

room  maintained  at a temperature  of  20-25"C and  a

relative  humidity of' SO-60%, The  \oung's and

shear  rnoduli  and  the fiexural and  Lorsional internal
frictions were  calculated  using  thc peak frequency
and  the hal/ fivalue width  in resonance  curves,  respec-

tively.

     3. RESVLTANDDISCUSSifeN

3.l VisualEzation of  Power  Spectrum Variation

    with  Time  in Tapping  Sound

  
'I'he

 results of  tjme-lf3  octave  band analysis  in
tapping  sound  were  drawn  in 3-D graph  so  that the

power  spectrum  varikttions  with  time  could  be seen
ar a  g]ance. The  results  at cvery  five mi]liseconds

were  shown  in Fig,2. In the figures, Sp is sitka

spruce,  He  hemlock, Map  maple,  bvdiah mahogany,

Mat  matoa,  Acr acrylic  resin, A] aluminurn,  Gla
soda  glass ttnd  Cer alumina  ceramics.

  Some mountain  ranges  were  observed  in all the

figures and  they represented  resonance  ar each  vibra-

tion mode.  The results  of  the cbaracterizatien  of

test boards by vibration  methods  were  shown  in
Table 1. From  the table, in the tlgures on  wood,

the broad and  low  mountain  occurring  at the lowest
firequency was  the first mode  resonance  in direction
across  grain, RiR, and  the sharp  and  high rnountain
occurring  at the second  lowest f)'ec}uency was  that in
diToction along  grain, R". In the softwood  ofsitka

spruce  and  hemlock, the SPL  decreased greatly with
increasing fi'equencies in the high t'requency range,

and  in the  hardwood  ot- maple,  mahogany  and
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 The  variation  of  113-octave band  power  spectra  with  tiine of

  conseeutive  Sms  periods in tapping sound.  (a) sitka spruce1  (Spl), (b)
  sitka  spruce  2 (Sp2), (c) hemlock (He), (d) maple  (Map), (e) niahogany
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Fig.3 The  rising  curve  of  overall  SPL  CR,) in
 sotiwood.  Legends are  the  same  as  those  of

 Fig. 2.
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Fig.5 The  rising  curve  of  overall  SPL  CR)) in

 isotropic materials,  Legends  are  the  same  us

 those  of  Fig. 2.
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Fig.4 The  rising  cqrye  of  overall  SPL  (R)) in
 hardu,uod. I.egcnds  ai'e the same  as  Ihose  of

  Fig. 2.

]20

leoaeal

 80m

60

    O 50  IOO 150 200

                tirne(ms)

Fig.6 Therisingcurvcof1f3-octavebandSPL

 in sitka  spruee  2 (Sp2>. Numbers  in this

 figure show  the center  t'requencies of  ]13-
 octave  bands.

matoa,  it decreased slightly. gn thc  acrylic  rcsin,  all

the mountains  were  broad. In the aluminum,  glass
and  ceramics,  there were  no  mountains  in the  low

fi'equency range  and  all the mountalns  occuTring  at

frequencies aboye  around  ] kHz  v"'ere  high and

sharp  and  their  ridges  were  very  gentle in slope.

Accordjng to their characteristics,  they can  be
divided into four greups  of  sot'twood,  hardwood,

plastics and  the others.

3.2 Rising C.urveg efSound  Pressure Level

  The  rising  curves  of  overall  SPL  (R,) for soft-

wood,  hardwood  and  isotropic materials  were

shown  in Figs. 3-5. /{'he rising  curves  oi'SPL  at Y
3-octave bands of  O.5, l, 2, 3.15 and  5 kHz  for sitka

spruce  2, maple,  acrylic  resin  and  aluminurn  were

shown  in Figs. 6-9:these are  the frequency compo-

sitions  in Figs, 3-5 and  the lengitudinal seetions  in
Fig. 2. The  values  measured  every  1 ms  were  plot-

ted in the figures,

  The  R, rising  curve  in Sp2 was  almost  the  same  as

that  in Spl from Fig.3, and  the individuai
difference was  small.  The  R, values  of  softwood

and  acrylic  resin  decreased linearly with  time  from

Fig,3 and  Fig. 5. This reason  is beeause the SPL
values  of  each  frequenc>' composition  decreased

uniformiy,  from Fig. 6 and  Fig. 8, From  Fig. 4 on

hardwood, the  R, value  of'Mat  decreased Iinearly in

lhe same  manner  as softwood  ; however, these of

Map  and  Mah  decreased nonlinearly,  that is, after

decreasing greatly, they  decreased gently. From

Fig. 5, ai! the variations  of  Al, Gla  and  Cer belong-
ed  to  the  type  ofthe  Iatter. From  Fig. 7 and  Fig. 9,

.J20
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Fig. 9 /Fhe rising  curve  of  1!3-octave band SPR.
  in aluminum  (Al). Legends are  t}ie sarne  as

  those  oi' Fig. 6.
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Fgg. g The  rising  curve  of  113-octave band SPL

  in acrylic  resin  CAcr). L,egends are  the same

  as  those  of  Fig. 6.

the reason  why  the Map  amd  the Ai have such  rising

curve  is beeause the main  component  shifted  from

the high frequency component  decreasing greatly to

the loifu' frequency cornpenent  decreasing gently as

the tifne went.  Thus, it was  found that each  mate-

rial  had  clearly  the characteristics  of  the  spectrum

and  of  the spectruva  variation  with  tirne, The  R,
value  has been used  as an  easy  measure  for the

quality evaluation  of  musical  instrument materials.

However, it is a  total value,  and  so  it simply  repre-

sents  sound  voiume  and/or  acoustical conversion

eenciency.  From  above  t:'acts, tlie R) value,  which

does not  include the jnfbrmations on  the spectrum

and  the  spectrum  variation,  is not  cot  out  for a

rneasure  of  the quality evaluation,

  Frorn Figs.3 5, the rising  of  R, im Sp was  the

latest. Frem  Fig. 6, this reason  is because themain

component  of  ll, in Sp  aiways  was  1kHz  band

includjng RiL with  low decrement which  signified

long  time  constant.  Be ¢ ause,  time  constant  T is

related  to e-  ̀ and  logarithmic decrement a by the

fo11owing equation  :

                   22n
               r"  .Q-  

-i
 
="
 .6-,  {1)

where  w  ls angular  frequency. There has been the

opinion  that the  rising  becomes earlier  according  to

the  increase of  ]ongitudinal wave  velocity  (Vl),
whjch  is calcu!ated  from the  relatiofi  ot' P"1 .:,' vlE7p.
This is grounded on  the fact that matcrials  with  high

Vl have high  eigen  fi'equencies (f) (i. e. sliort  periocis)
frorn the relation  ot'y?o[  VTiZlt7. From  Table  1, tlie

Sp and  the Cer certainly  have bigh f with  high Vi.

However,  their risings  in R) and  main  component

vi'ere later and  difTerent frorn the  opinion.  From

Eq. (1), this reason  is becaus¢  the rising  rate  depends

on  not  only  frequency  but  also  internal friction, and

so  PG represent$  the propats,ation velocity  of  wave

and  does not  signify  the rising  rate.  The  detai]ed

discussion on  the mechanism  to determine the rising.

rate  is found in n･cxt Section.

3.3 Variations of  Rise  T'ime and  Defcrement  Rate

    with  Frequencies

  From  the rising  curves  at each  balld, the  rise time

7} and  thedecrement  rate  6' were  investigated as a

t'unction of  frequency. The  71 decraased rapidly

with  increasing frequencies, so  the figures of  the

logarithms of  71 were  drawn. The  T} values  in Sp

and  Map  and  those  in Acr and  Al were  shown  as a

function of  frequeney in Fi.g. Ie (a) and  Fig. 11 (a),
respectively,  The  a' values  in them  were  shown  as

a function ef  frequeney jn Fig. Ie (b) and  Fig. I1

12i
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Fig.10  The  vur{aTions  of  risc  time  (71) und

 decrement rate  (S') ",ith  I'requencies in sitka

 spruce  2 (Sp2) and  maple  (Map), A  straigh:

 Iine is T(s) ' kilf' (k=3.7), whieh  is set ro the

  T" value  at leO Hz  in siLka  spruce  2, Arrews

 show  resonnncc  points,

(b). F]ro' m  the figure (a), the  T, decreased  lincarly

with  increasing frequcncies up  to around  1 kHz,
depending hardl}i on  the  materials,  and  then the

variation  of  7} with  fi'equency depended greatly on

the materials,  The straighL  line of  T(s)r= kf7(k=:
3,7), which  was  set to  the initial value  of  Sp2, was

sho",n  in the figures (a). As seen  in the figures, the

rneasured  peints of  each  material  agreed  well  with

the straight  line in the range  of  frequencies under

arotind  [ kHz. As  shoxsrn  by arrows  in the  figures

(a) and  (b), high 71- "'us  accompanied  by low o"'.

Fvom  Table  1, these are  resonance  points. Conse-

quently, it was  found that only,frequency  (or
period) deterrriined the 7; in the range  of  frequencies
under  the ]owest mode  resonance,  ,fi.

  The  frequency at which  the measua'ed  points of  Ti-
deviate from the straight  1ine is aboN,e  .flL, ja in
direction along  grain, The  reason  why  the 71 at .tT].
is high is because  the  time  eonstant,  at RLb  which  is
strong,  is long. On  the othcr  hand, the 71 at  fiR, f
in direction across  grain, is lothter because the RLR is
weaker  than  the RiL, and  it is inconspicuous. As
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r/'fig. 12 The  variution  of  the peak level of  the

 rising  curves,  ll,, with  frequencies.

  I.egends are  the same  as  those  of  Fig.2

armi (oca') links up  with  amplitude,  7; should

depend also  on  amplitude.  Then, the peak  level of
the rising  curves,  Il., was  investigated at each  band
and  the frcqueney characteri$tic  ot' lln was  shown  in
Fig, 12. Frorn the figure, the Rri in Sp2 decreased

greatly with  inereasing frequencies above  1 kHz
band,  and  that  in Map  decreased small.  From  Fig.

122
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Talele 2 Comparisons  of  the fiexural

 isotrepic bars and  those, fli, and  9,'i,12sollill]t
 fi'equepcy, Jfb, aT)d

in square  isotropic plates.mterna]

 friction, ut'i, in rectangular

Material  P .fib
g/em3 Hz

Jflpl'!z dfiHz as% s,-]
× lo3Gii × 103

51.3
 I,96

 l,43

 ].64

tie-iX]03Ae']
 %

Acrylle resin

Sodtt gjatis
    :.Alumtnugn

Alumina  Cer.

LE82,492.693.91378.5885.8936.11950.4 4S8.0
 96g.7i087.'12197.0

 79.5
 82,9151,6246.6

21.e

 9.35.16,212.6
58.1

 1.98
 1.02e.ls2

*
 afi =.fi,---.fib,  dc

2(1)nitn.

-6.g--O.O16

 O.41
 t,49

-1].7

 
-O.8

 40.2979

Q,, 
'i
 
--

 g'i, rectangular  barsize / 105 (1)× l6(IN')× 2<,t) mrn,  square  plate size  :105 × 105×

IO, in both of  Sp and  IVIap, the  decrernent rates  are

high in thc high [l'equen･r.y range;  hewever, it' is
observed  in Map  that  there  is weak  reseriance  in the
high f'reqLiency range,  E-I. Meinel showed  that the

increase o{' e 
i
 with  incrcasing fi'equeneies in Sp

was  greater than  that in ivgttpi) and  his result  sup-

ports this viewpoint.  From  Fig, 1 l and  Fig. I2, thc
Acr is high ir ciecrement rate  and  low in level, iri all
the  fi'equency range  and  is a  liule drop in ievel in the
high frequenc>･ range,  and  the AHs  strong  in higher
mode  resonancc  and  vevy  high in le's,el in the high
fi'eque'ncy range.  Low  g?,-[ accorripanying  high
arriptitude(i.e.  high Sl'L) rnakes  7i･ high. There-
fbre, in Lhe rttnge  of  fi'equencies above  .fiL, it can  bc

explained  thla't the  Z- values  in the  Sp ttnd  the Aer
are  lower than those in the Map  and  the  Al, respec-

tivcly. How'ever, though  being the highest im e",
the Acr lies betwecn thc Sp and  the Map  in ll? and
contradjets  with  the above  exnlanation.  }n an                          ./.
isotropic mater[al  iormiiig u  sqa.Lare board, degenera-
tion  occurs  to its Hexural resonance  in directions

perpendicularly inTersecting each  ol.her,  and  it is
estimated  that  this is thc reasoii. Then, frem the

measurcments  Ibr zhe rectungu]ar  bars anel  square

boards of'  isotropic inaterials,  "'hich  had equai

length e,-ci thickness, the  degeneration eflle}ets on  .fl
and  g'i were  investigated and  Lhe rcsu]t.s were

shewfi  in Table2. Frorri thc table, it was  observed

that  the  follou,ing was  caused  by degenerution : 1)
All the .A of  boards increased in appearanee  and  the

rate  increased with  decreasing weight.  2)a Thc  Q-i
ofboards  decreaged or  jncreased in ttppearaiice,  and

the  decreasing ratc  increttsed with  decreasing weight
and  the inereasing rate  iricreased with  increas;.ng
weight.  Fro./n these f'acts. ehe above  contradictian

observed  in the Acr  te be light can  bc qualitatively
explained.  Consequently, the intensity of  rese-

nance  deterrni-es thc  Z･ ii:･ the range  of  frequencies

above  .flT..

3.4 Me ¢hanism of  Frequency Characteristics in
    Wood  for Soundboards

  ffn elastic bodies, according  to the inerease of

ficxural vibration  frequency, the shear  deforrnation
component  of  fiexural detbrmation increases. The
shear  efl'ect  is greater in the niaterials  having the

higher value  of  the e{astic  modulus  ratie  of  EIG.
From  the  author's  previous papers,`'5) the increase of

e-] and  the ciecrease of  appareRt  Young's  rnodulus

in wood  in the high fl'equency range  are due to the

shear  c{Tect and  sitka  spruce  having the high value  of

EilGrr  (LT i fiat grain plane) is great ir. the rising  of

e-' and  the falling of  apparent  Yeuns,is  moduius,

in the high frequency range.  On  the other  hand, in
isotropie materials,  the  value  of  EfG  is low and  the

shear  deformation eomponent  is small  even  at  the

higher modes  in i)exurai vibration  and  the bending
def'ermation is the principal componertt  ot'  fiexural
deformation. Therefore, in isotropgc materials,  the

increase of  g'i and  the decrease of  amplitude  in the
high {'requency range  are  smal].  [['his is the cause

producing the differences in t]ie high frequency
range  characteristics  of  Sl'L and  internal friction
between the materials.  Generally, it has been
required  for the  materials  of  soundbottrds  that the

value  or  G./p is high and  the value  of'  QL-i is low,
ttsat is, the  value  ofseund  conversion  eraciency  (ii.!
p)/g-'  derived using  them  is high, Since there  is
a  negatjve  high correlation  between Glp  and  g-i,
these conditioens  make  the time  constant  lncrease
and  make  the  rising  ]ate. However, sitka  spruce

hns not  only  the va]ues  ot'  high ELIp  and  low g  
'i

but also  the  high vakie  ot'  El./ (3i.T ; therefore, sitlca

sprucc  is hjgh in the levcl up  to the midcile  frequency
raRge  and  then,  decreases considerably  the leve] by
increasing considerably  the g-] and  is the fastest in
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the rising  in the high frequency range.  It is guessed
that. such  frequency characteristi,c  matches  well  v"ith

human  auditory  sensation.6)  On  the other  hand, it
is obvious  that  isotropic materiais  having the low

value  of  E!G  can  not  produce such  characteristicf;,

Since it is prnctical}y accepted  thal the sitka  spruce

wood  is the niost  suitable  fbr the soundboard  of

instruments, its characteristics  clarif"ied here should

be the standard  in making  new  rnaterials  for sound-
boards.
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