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The  frequency response  and  the Young's modulus,  shear  modulus  and  internal friction were

rneasured  for square  boards with  regularly-grained  planes in several  kinds of  wood,  which

included Sitka spruoe  for stringed  instrument top plates and  maple  for back plates, and  for

square  boards in an  acrytic resin  of  plastics and  an  aluminum  of  metals.  The Sitka spruce

was  the highest in response  frequency, higher in sound  power level. the greatest in levet

variation  and  the greatest in level drop  with  increasing frequencies above  1 kHz, and  it had

the response  pattern of  high level in the range  ofmiddle  frequencies. In contrast, the maple

                                                            suchhad the response  pattern of  low and  almost  flat level as  a whole,  in order  to have

frequeney responses,  it was  necessary  that wood  for top ptates had not  onty  tbe excellept

vibrational  properties in the direction along  graln buc also  the strong  anisotropy  in

regularly-grained  plane, and  that wood  for back plutes had the characterLstics  opposite  
to

those  of wood  for top  plates.

Keywords:  Soundboard, Frequency response,  Young's modutus,  lnternal friction,

         Anisotropy

PACSnumber:  43.75. De

          1. INTRODUCTION

  In stringod  instruments such  as violin  family and

guitar, the  sound  radiation  source  is mainly  a  top

plate and  in pianos it is a  soundboard.  Materials

used  for them  have becn restricted  to Picea genus
wood  of  Gerrnan spruce,  Akaezomatsu, and  Sitka

spruce,  and  the wood  boards  with  straight  grain and

without  defbcts ofnodes,  cracks,  etc. have been used

as  the materialsofgood  quality. Materials used  for

back plates of  violin  family have been restricted  to

wood  of  maple,  and  the wood  boards with  fine

appearance  haye been used.  The  piano soundboard

has the structure  that ribs  ofa  wood  bar are  gluded

across  grain to the above  wood  board with

regularly-grained  planes, Le. Iongitudinal-radial

(LR) planes. The  top  plate, i,e soundboard,  of

violin  family has been made  by giving violin  shape,

f holes, a  bass bar, thickness distribution and  an

arch  to the above  wood  boards with  LR  planes, and

the tirnbre has been produced. From  this fact, in

stringed  instruments, the  frequency characteristic  of

the solid  wood  board for soundboards  is the base of

the timbre  of  tep  plates, On  the other  hand, it is

influenced directly by th¢  wood  quality deterrnining

the acoustical  properties, Consequently, it is noces-

sary  to find the  difference in frequency characteristic

between wood  boards used  for soundboards  and  the

other  wood  boards and  to  make  clear  the mecha-

nism  how  it is produced by the diflerenoe in acous-

tical property,
  The  timbre  which  is desirable for violins  has been

fbund by many  studies  on  the frequency characteris-

tics ofviolin  bodies.i) On  the other  hand, in order

to find the reason  why  the  above  kinds of  wood  have

been used  as  the  materials  for musical  instruments,

their vibTational  properties in the diroction along

grain, ie. Iongitudinal (L) direction. exclusively

have been investigated, and  thc general opinion  for

it has been almost  established:Wood  for sound-
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boards has higher specific  Young's modulus  and

lower internat friction in L direction,2] and  wood

for back plates has less vibrational  properties in L
direction and  fine appearance.  However, the vi-

brational properties in the direction across grain, ie
radial  (R) direction, must  also  contribute  to the

frequency characteristic  because of  the board with

LR  planes. Therefore, it is necessary  to find the

role  of  it and  the effoct of  anisotropy.  However,
there have hardly been inyestigations on  them.

  In this study,  the frequency response  under  forced
vibration  and  the Young's modulus,  shear  modulus

and  internal friction in L  and  R  directions were

measured  for square  boards in several  kinds ofwood
which  included wood  for the  body plates, and  frorn
the  features of  them  the mechanism  of  frequency
rcsponses  was  investigated.

     2. FLEXURALVIBRATIONOF

        ORTHOTROPIC  PLATES

  Generally, the  equation  of  motion  in rectangular

plates with  grain parallel to the  length is shown  as

fo11ows :3)

    Dt Ige +2DLR-iiin,eeIIiTSb +DR  lyW, +p#"---o  (ia)

            ELh3
    

DL='i'2(I-q.dw,)
 (1b)

            ERh3
    

D"=12(1-aLRoEL)  (1C)

    D,.=D,c",,+2D.  (1d)

         GLRh3
    D.=
          12 (te)

in which  w=displacement,  x=position  in L direc-
 t tt-  --
tion, y=  posttion in R direction, DL and  DR  =  flexur-
a[ rigidity,  zaR=rigidity in LR  plane, DK  =tor-

sional  rigidity  in LR  plane, h=thickness, p=den-
sity, E=Young's  modlllus,  G][ shear  modulus,  a=

Poisson's ratio.

  From  Eq, (1), the angular  frequency ev is derived
as  the fo11owing equation  :

         ph.2-  
A2{2L

 + 
BZ?R

 +-Z:CI7t!!-e 
n
 (2)

in which  a=side  length in L  direcrion, b=side
length in R  direnion; .4,  B  and  C:=:constants
depending on  boundary conditions  and  vibration

modes.  The  fiexural vibration  is influenced by
shear  deformation at the higher order  mode  and  the

increase of  eigenfrequency  with  increasing the mode

order  decreases by degrees, and  so  at the higher

iS4
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order  mode,  the shear  effects in LT  plane <flat grain
plane) and  RT  plane (end grain plane) should  be
taken into aocount  for the eigenfrequency  in L
direction, aiL, and  the eigenfrequency  in R diroction,
ceR,  respoctively.4,5)

          3. EXPERIMENTAL

3.1 Samples

  Materials for samples  were  Sitka spruce  {Picea
sitchensis),  which  was  used  for musical  instrument
soundboards,  and  hemlock ( 71guga hetenqphyUb) of

softwood,  maple  (Acer saccharum),  which  was  used

fbr violin  back plates, rnahogany  (S}m'etenia spp.)

and  matoa  (Pometia pinnata)  of  hardwood, acrylic

resin  of  plastics and  aluminum  of  metals.  Frorn
these  materials,  samples  ofsquare  boards with  105 ×
I05 × 2(t) mrn,  which  were  smaller  and  different in
shape  in comparison  with  practical body  plates,
were  made  in order  to make  easy the preparation
and  the measurernent  bllt to serve  the purposes in
this  study.  The  wood  samples  had a  side  parallel
to grain, The  board nurnbers  were  two  in Sitka
spruoe  and  one  in the other.  In the boards of

acrylic  resin  and  aluminum,  degeneration oocurred
to their fiexural resonances  because of  square  and
'isotropy,

 and  the Young's modulus  and  the internal
friction could  inexactly be measured,  Then, their
rectangular  bars with  105(t)x16(w) × 2(t)mm,
whose  length (l) and  thickness (t) were  the same  as

those of  the sample  boards, were  made  for the

measurements.  The  number  of  each  bar was  one.

3.2 Measuring Methods
3.2.1 Frequency response  curves

  An  apparatus  for measuring  the frequency
response  was  shown  in Fig. 1. A  square  plate

ge

 FFTAndyzer

  C.Mic2-SOmm2::ptlin-znh
  Test  beard        t

 / FisNine .
/ ltN ptate l
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   generctor

-
'
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Fig. 1 An  apparatus  for measuring  frcquency

 responses.
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T. ONO:  FREQUENCY  RESPONSE  OF  WooD

vibrating  flexurally radiates  sound  at modes  having

a  loop at the  center,  that is, at modes  of  symmetric

with  respect  to planes perpendicular to the plate at

the middles,  And,  for the purpose of  finding the

essential  acoustic  characteristics  ofa  board material,

it is more  desirable that the boundary condition  is

free, though  practieal body plates are  fixed at edge.

Accordingly, an  aluminum  square  frame with

fishlines strained  at four corners  was  fixed horizon-

tally and  the test board with  an  iron piece glued to

the  oenter  was  put on  the fishlines. The  electrornag-

netic  transducer  of  a  driver was  faced with  the iron

piece keeping the gap of1mm,  and  the sine  wave

sweeping  the  frequency range  of  O.1-IOkHz  was

inputted to the transduoer  and  the board with

approximately  froe edges was  drived, The  sound

radiating  from the boards was  detecred by a  con-

denser rnicrophon  set  up  in height of  2mm  or  50

mm  from the center  and  was  inputted to a  FFT

analyzer,  The  sweep  time  of  the  sine  wave,  whose

source  was  the signal  generator in the FFT  analyzer,

was  five minutes.  The condition  of  measurements

in the FFT  analyzer  was  Hanning  in window  func-

tion and  was  2,048 points in sampling  number.

  The  effect of  the  difference in distance (lb,)
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between the board and  the microphon  on  the enye-

lope of  frequency responses  was  investigated by

taking  the difTerence in level between 113 octave

responses  at tbe=2rnm and  tnc=50mm.  The  two

examples  were  shown  in Fig. 2. In the figure, the

power  level at tbe= 50 mm  is OdB  of  a  standard

shown  by a dotted line. The envelope  at tbe=2

rnm.  which  naturally  had higher ratio  of  S/N,  rose

in the range  of  low  frequencies, in which  the effect

was  observed.

3.2.2 The  Young's modulus  and  internal friction

     by fiexural vibration  and  the shear  modulus

     and  internal friction by torsional vibration

  The Young's modulus  (E) and  the fiexural inter-

nal  friction (e-i) for the boards and  bars with  free

both ends  were  rneasured  by using  a  flexural vibra-

tion at the first mode.  The shear modulus  in LR

plane ( GLR) and  the torsional internal friction in LR

plane <Q-i) for the boards with  free both  ends  were

measured  by using  a  torsional  vibration  at the  first

mode:  The  boards with  iron pieces glued to two

corners  forming the extremities  ofone  diagonal  were

fixed with  an  edge  at the  middle  in L direction

which  was  a  vibration  node  and  electromagnetic

transducers for a driver and  a detector were  faced

with  the  iron pieces, and  the  boards were  excited  by

the driver at one  corner  and  the vibration  was

detected by the detector at the other  corner.  All the

measurements  were  made  in a  room  maintained  at  a

temperature  of  20-25"C and  a  retative  humidity of

50-60%.
  The  Young's and  shear  moduli  and  the internal

friction were  calculated  using  the  peak frequency

and  the halfivalue width  in resonance  ¢ urves,  respec-

tively. The  shear  modulus  GLR was  calculated

using  the fotlowing equationS} :

                   1+u2  l2
              G=  

g(.
 f2 <3a)

                u=.:;<  2' )i'2 (3b)

           st u)"1-  -ii9is-2 ttanh fu (3c)

where,  t ==  length (in L direction), w=width  (length
in R  direction), G'=shear  modulus  in a  cross  sec-

tion  along  length (GLT)･

     4. EXPERIMENTALRESULTS

4.1 Frequency Response Curves

  The  experimental  pesults  of  frequency respenscs
were  shown  in Fig. 3. In each  figure in Fig, 3, the
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upper  curve  and  the under  curve  are  the  resutts  at

lbc=2 rnm  and  lb.=SO mm,  respectively,  and  40 dB
was  added  to the value  of  the former. The  figures
of  the upper  row,  the middle  row  and  the lower row
arc  the response  curves  for the softwood,  the hard-
wood  and  the acrylic  resin  and  aluminum,  respec-

tively, The  overall  power  level Il, in Fig. 3 was

shown  in Table 1. In the table, the R,i and  the  R)2
are  the oyerall  power  levels at  tb.=2 mm  and  ltn =
50 mm,  respectiyely.

  From  the figure and  the  table, it was  observed  that

each  material  had the fo11owing features: (1) The
acrylic  resin  is smaller  in peak number,  smaller  in
level variation  and  the  lowest in R,, (2) The  alu-

minum  is the highest in response  frequency, the

smallest  in peak number,  the sharpest  in peak, the
greatest in level yariation  and  comparable  to wood

in R,. (3) The  softwood  has a  peak in the range  of

low frequencies, and  it is greater in level variation
than  the hardwood, wider  in interval between peaks,
higher in R, and  greater in level drop with  increas-
ing frequencies above  1kHz. In the Sitka spruoe
for soundboards,  they are  more  remarkable.  (4)
The hardwood has a  peak in the range  of  low
frequencies, and  it is smaller  in level variation,

narrower  in interval between peaks, lower in Il, and
smaller  in tevel drop with  increasing frequencies
above  l kHz, ln the maple  for back plates, they  are

more  remarkable.

4,2 Young's Modulus, Shear Modulus, Flexural

    lnternal Friction, and  Torsional Internal Fric-
   tion

 The  experimental  results  of  Young's modulus  (E)
and  flexural internal friction (e"i) were  shown  in
Table 1. In the table, the subscripts  of  L and  R
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show  a longitudinal direction and  a  radial  direc-

tion, respectively,  and  Ai and  fii show  the  flexural

resonant  frequency at the first mode  in L direction

and  that in R direction, respectively.  The  Sitka

spruce  had lower p, higher EL and  lower eL-i, and

these results  agreed  with  the  general opinion  for the

physical properties which  were  desirable for wood

for soundboards,  and  correspondingly  the  Sitka

spruce  had higher R,. So, it was  confirmed  that  the
                                       '
opinion  was  valid,  and  that Sitka spruce  was  suit-

able  to the materials  for soundboards,  The  maple

had higher p, lower EL and  the  highest 2L", and

correspondingly  it had lower R,. Maple's results

were  contrary  to Sitka spruce's  ones,  so  it was  esti-

mated  that wood  sounding  poorly was  suitable  to

the back plate. On  the other  hand, between the

Sitka spruce  and  the  maple,  the relationship  in Eh

size  was  contrary  te that in EL size. The  acrylic

resin  had  the  lowest E  and  the highest er', and

correspondingly  it had the lowest Il,. The  alumi-

num  had the  highest E  and  the lowest C-i, and  it

was  contrary  to the acrylic  resin  in size of  E  and

e-i.
  The  experimental  results  of  shear  modulus  (GtR)
and  torsional internal friction (2-i) were  shown  in

Table 1. In the table, A is a  torsional resonant

frequency about  the axis  along  L  direction. From

the table, the Sitka spruce  had lower Gu?, and  con-

versely  the maple  had the highest GLR･

            5. DISCUSSION

5.1 Acoustical Factors

  Many  kinds of  acoustical  factors calculated  from

measured  values  were  shown  in Table2. In specific

Young's modulus  in L  direction (EZ!p), the  Sitka

spruce  was  the highest and  the maple  the lowest.

On  the  contrary,  in specific  Young's modulus  in R

direction (E)?lp), the  Sitka spruce  was  lower and  the

maple  higher, In comparison  with  the EZIp of

wood,  the Elp  values  ofacrylic  resin  and  aluminum

were  much  lower and  comparable,  respectiyely.

The  variation  of  (Elp)ii2, which  showed  sound

velocity,  with  materials  naturally  was  similar  to that

of  E!p.

  The  Sitka spruce  had higher ELICL-i and  lower

E)?leR". The  rnaple  was  the reverse  of  the Sitka

spruce  in the  size  of  these values.  The  Ele-'  of

ac[ylic  resin  was  much  lower than  the EZ /{2L-i of

wood,  and  it was  comparable  to the E;?IS2re-' ofthe

maple,  The E/eJi  ofaluminum  was  much  higher
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factors of  test boards.

Specimen (kE.LCe,, ,,E.hle), 
(iilr

 p7,"2(E?lp)iiz
 krnlsalQ-i × 1or

 GPa

Ek/&']
 × lo3
 GPaE.14

 &-ilQ,-i alG,,

Sitka spruce  l
Sitka spruce  2
Hemleck

MapteMahogany

Matoa

31,629.925.817,718.l25,41.S72,12l.472.452,SO2.215.625.475.084,214,265.041.251,461,211,S7l.58l.492.57L.971.991.081.542.66O.0434O,0562O.031SO.0823O.104O.074SO,e497O,07ovO,OS71O.139O.l38O.08672.942.493.611.832.043.1017.516.613.66.838,6915,2

Acry]ic tegin
Alminium

 4.4626.6 2.11S.16  O.10267.S 1,O1,O 1.01.0 2,752.61

  
'
 ELIGLr  was  calculated  as  GLr= (lut.

and  30 times as large as the ELI2L-' ofSitka  spruce

  The  Sitka spruce  had lower E)elEt. The  maple

had the highest E)?IEZ and  the  lowest th-ils2t-i
reverse  to  the Sitka spruce.  These quantities show
the anisotropy  of  E  and  Q-' in the  ratio  of  R

direction to L direction, Therefore, it means  that

the  [ower the  E)?IEZ andlor  the higher the eR-il
eL-i, the stronger  the anisotropy.  Consequently,
from the table,  the  softwood  has stronger

anlsotropy.

  The values  of  EZ/GLr were  calculated  using  the

measured  values  of  Gu? in stead  of  G[T because of
GLT e  Gtit from other  researcher's  data.e) The Sitka
spruce  had the highest Elf(ILT, and  conversely  the

maplehadthelowestEllGLT.  Fromthesamedata,
it is observed  that the diderence in EltlGRr vatue
between Sitka spruce  and  maple  is larger than  that

in EZI(ILT va}ue.  Both acrytic  resin  and  aluminum

had much  lower E16  values  of  2-3, This is the
featureofisotropicmaterials. TheincreaseofEl6
values  has the effoct that the increase of  eigenfre-

quency with  increasing vibration  mode  order

decreases more  greatly,

  Each value  of  the other  wood  lay between values
of  the  Sitka spruce  and  the maple.  Thus, these

    Table  3

     boards with  LR  pLanes.

results  in L  direction agree  with  former results, and
those  in R  diroction and  anisotropy  are  new

findings.

5.2 Relationships of  Acoustical Properties, Acous-

    tical Factors and  Anisotropy  to Overall Power
    Level

  For wood  boards, correlations  of  the  acoustical

properties and  the acoustical  factors to the overall

power  level ll, were  investigated, and  the  results

were  shown  in Table 3, There were  high  negative

correlations  of  the p and  the QL', which  were

reasonable,  no  correlation  of  the EL and  the high
negative  correlation  of  the E)?, which  was  new

finding. These relationships  were  shown  in Figs.
4-6. In the  figures, r  and  a solid  line show  the

correlation  coeMcient  and  the regression  line, respec-
tiyely. Therewerehigh  positivecorrelationsofthe
(EZIp3)i'!," the (q!p)IQ'i,2) the (&/p)i'2/Q`i
andthe(EZ!pe)i'2feL-i.S)  Therelationshipof(EZ/

p3)U2fetLi  was  shown  in Fig. 7. The quantity of

(Elp3)U2 (i[(Elp)i'21p : sound  velocity  per den-
sity) has been proposed as  an  acoustic  radiation

darnping factor, and  the quantity of  (E/p3)i,2!Q-i
combining  it and  e-i also  has the  same  meaning,

Correlations ofthe  overall  power  leyels to the acoustical  properties and  the acoustical  factors in wood

lbcmmp EQ-'Elp  (Elp)i'Z(Elp3)i,2EfQ" (Elp)fQ"(Elp)"2!eui{Elp3}i'2!Q-i EtlGLT

2 -O,847-O.161-O,792  O.504 O.513O.815O.290O,71i O.789 O,922 O.472
L50

 -O,757-O.020-O.864  O.SS8 O,S67O,775O.43SO,781 O.863 O,922 O.S45

2 
-O,847-O.895

 O.063-O,757  
-O.76S

 -O,477-O.679  -O.422-O.308 O.202
R50

 
-O.7S7-O.883

 O.126-O,820  
-O.824

 -O.315-O,701  -O.492-O,377 O.084
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-40

cAc)9r.

 -4545cr

-50

    O.4 O,6 O,8

                P (gXcm3)

Fig. 4 The relationship  between the overall

  power  lever Jl,i at  lb.=2 mrn  and  the density

, p. Legends are  the same  as  those  of  Fig. 3.

-40

di -509

 o4iff-60

        O 10oo 20oo

          {Eup3)V2tQcl{MsK)

Fig, 7 The  relationship  between the overall

 power  level 11, and  the {EZIp3>"!12'i.
 Lcgends are  the same  as  those  of  Fig. 3.

-55

69X

 -60a.him

Table 4 Correlations between the  overall  power
 level and  the  anisotropy  of  E, Q'i and  EIQ"

 in wood  boards with  LR  planes.

lbcmm Eh!& &"i!Q-E(EIQ-i).,L

-65

250 -O.671-O.733O.660O.751 -O.663-O.739

    O.5 1 1.5 2

               ER{GPa}

Fig. 5 The relationship  between the overall

 power  level ll,2 at  t.=50mm  and  the Eh.

  Legends are the same  as those  of  Fig. 3.

-55

a9X

 -60q-oor

-65

       o.oo6 e.oos  o,ol

                QL-1

Fig. 6 The  relationship  between the overall

 power leyel Il,z at  tb.=50mm  and  the e-',
  Legends are the same  as those  of  Fig. 3.

.
 (Ele-i).,,-{E.IEL)/(&-,IQ-i)

Both correlations  of  the  (E!p3)'t21Q-i to the R, at
lbc =  20 mm  and  the R, at ltn =  50 mm  were  the same

and  the highest, and  both slopes  of  the regression

lines were  almost  the same,  and  it was  the  best as  an

acoustical  factor. The  (Elp3)'t2 can  become an

easy  measure  for the quality assessment  of  acoustic

materials.  There werehigh  negative  correlationsof

the E}?lp, the (E)?/p)i'2 and  the E;?leR-], and  these

results  are  new  finding.
  The  correlations  of  the ll, to three  kinds of

anisotropy  of  E, e-i and  EIQ-i  in the ratio  of  R
direction to L  diroction, Le. EhlEL, &-ilGT' and

(Eh!EL)1(g2R-'leL-i)=(Ele-i)Rfbwereinvestigat-
ed, and  the results  were  shown  in Table 4, All the

correlation  coeMcients  of  R,2 were  higher than  those

of  Il,,. Both corretations  ofthe  ElpIEL and  the (E/
Q-i)RxL were  high negative,  and  that of  the 2R-il
Qt-i was  high positive. These results  are  new

finding and  mean  that the stronger the anisotropy,

the stronger  the sound  radiation.

  Torsional vibration  is ･not excited  for the test

boards in this experiment,  however, GLR depends on

EL and  E]?, Then, the correlation  betwoen the  G"?
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-55

gtt-ooE.

-65

      O.S 1 1,2 1.4 1.6 1.8

               GLR{GPa)

Fig. 8 Thc relationship  betwoen thc overall

 power  level ll,, at  lb.=50mm  and  the Gm

 Legends are  the same  as  those  of  Fig. 3.

soN.w

20

10

    O O,05 O.1

               <evQ-1)RtL

Fig. 10 The  relationship  between the EZIqT

 and  the(EIQ'i)Ra.  Legends are the same  as

 those  of  Fig, 3.

Table 5 Correlations between the Clu? and  ELf
  GtT and  the anisotropy  of  E, Qr' and  EIQH'

  in wood  boards with  LR  planes.GtR

a!Q.

Ekla&-LIQ-i

(EIQ-i).,L

 O.806-O.646

 O.8I4

-O.907

 O.67I-O.916

.

 (E/e-i).,=(EliIEZ)1(e.-]IQ-i)

lio>ur

20

10

    O O.1

                EnfEL

Fig. 9 The  relationship  between the

 and  the  E;?IE[. Legends are  the

 those  of  Fig. 3.

O.2

 EZIGLrsame
 as

and  the R, was  investigated, and  the correlations  of

the GLR to the R,i and  the Il,2 were  r=  
-O,871

 and

r=-O.877,  respoctively  and  were  high negative,

The  re{ationship  between the GL,r and  the 1[1)2 was

shown  in Fig. 8, This result  persuades the lact that
the top plates have been tested by the bend  and  the

twist made  by the anisans.  Furthermore, the corre-

lations ofthe  Gu? and  the  ELI(ILT to  three  kinds of

anisotropy  of  Eh/EL, s2R-'!Qri and  (E!e-i)R,L
were  investigated and  the results  showed  that to the

E;elEL and  the  (Ele-')R,L, the  correrations  of  Gu?
and  EZIGLT were  high positive and  very  high nega-
tive, respectively,  which  were  shown  in Table 5.
The  relationship  of  the  ELIGLT to the  E]?IEZ and

that to the (Ele-')R,L were  shown  in Fig. 9 and

Fig. 10, respoctively.  Therefore, as the degrees of

anisotropy  in LR  plane increasc, the GLR decreases
and  the  EZIGLT increases, The  results  derived fi'om
Fig. 8 and  Table 5 agree  with  that of  Table 4. In
addition,  from the reason  mentioned  at Section S.1,
it is estimated  that the increase of  EhlGRr  with

increasing the degrees of  anisotropy  in LR  plane is

greater than  that of  EL/Gtr.

  Consequently, with  the decreases ofp,  E)? , C2L-i
and  GLR and  the increases of  EZ and  C2e-i, the 4  and

the ELIGLT increase. This can  be condensed  as

fo11owing: As  the p decreases and  the degrees of

anisotropy  of  E  and  QTi in LR  plane  increase, the

Il, and  the  EL!GLT increase.

5.3 Third-Octave Band  Analyses

  In order  to find the features of  frequency responses

for the material  for musical  instruments, the

response  curves  of  Fig. 3 were  analyzed  into l13

octave  bands, and  the results  were  shown  in Fig. 1 1
comparing  the  result  of  the  Sitka spruce  (Spl),
which  was  shown  by a  dotted line, with  the results

of  the others,  From  the figure, the fo11owing were
observed  for each  material:  (1) Two  boards of
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        Fig. 11 Comparisons of  the 1/3 octave  response  at  t.=50mm  in Spl with  that in the other  materials.

         Lcgend:dotted tine: l13 ocIave  response  of  Spl;the other  legend:Soc  Fig. 3.

    Sitka spruce  are  very  similar  and  the individual greater in level varialion  and  much  higher in the

    difference is very  small.  (2) The  acrylic  resin  is lowest response  frequency. (4) The  hemlock is

    much  lower in tevel and  narrower  in response  fre- lower in response  frequency, slightly  higher in level

    quency range  because of  the lowest response  fre- andsmallerinleveldropwithincreasingfrequencies

    quency being higher. (3) The aluminum  is rnuch  above  lkHz. (5) The  maple  is lower in response
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frequency, the lowest in level and  the smallest  in

level variation.  (6) The  rnahogany  is lower in
response  frequency, similar  in level and  srnaller  in

level variation.  {7) The  matoa  is lowerin response

frequency, slightly  lower i" level and  similar  in level

drop with  increasing frequencies above  1 kHz.

  Thus, both acrylic  resin  and  alurninum  are  quite
different frorn all the wood  in 1!3 octave  response

pattern, and  they are  unsuitable  fbr the materials  for

stringed  instruments, Of  all the wood,  the Sitka

spruce  used  for soundboards  is the highest in

response  frequency, higher in level, the greatest in

level variation  and  the greatest in level drop with

increasing frequencies above  1kHz, and  it has the

characteristic  of  high level in the  range  of  middle

frequencies. The  maple  used  for back plates has
the  characteristic  of  low and  almost  flat level as a

whole.  Frorn these results,  the  Sitka spruce  is quite
different from the maple  in response  pattern and

they  are  in contrast.  B, A, Yankovskii investigated

using  impulsive excitation  the  spectral  characteris-

tics ofhigh  quality violins  and  the  typical  averaged

spectra  in third-octave bands for violins  with  vari-

ous  qualities of  timber,  and  he showed  that high

quality violins  had  a  mountain  spectral  pattern and

bad quality violins  had a flat spectral  pattern,9)
The  results  in this  experiment  agreed  with  his results

in content.  From  this result, the response  curve

showed  by the small  boards of  Sitka spruoe  is the
base ofthe  frequency characteristic  required  for top

plates, and  the  timbre  of  top  plates is produced by

giving several  geometri ¢  processes mentioned  in this

introduction to the wood  boards having such  basic
frequency characteristic;  therefore, the quality of

wood  fbr soundboards  can  be judged by the

response  curve  of  small  boaTds.

5.4 Mechanism  ofFrequency  Responses

  From Eq, (2), the variation  of  eigenfrequencies

with  vibration  mode  order  is proportional to (E/

p)i,2. Therefore, it is found that  the  interval of

peaks becomes wider  with  increasing (Elp)i'2 val-

ues. From Table 1. the first peak and  the second

peak in Fig, 3 are  the resonance  at the first mode  in
R  direction and  that  in L  direction, respectively,  and

so  the many  peaks at frequencies above  fii are  the

resonances  at  higher modes  of  thern,

  Frorn the above  facts and  the experimental  results,

the mechanism  of  frequency responses  obtained  in

this experirnent  can  be explained  as fo11owing:(1)
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In isotropic materials,  with  increasing (Elp)"2 val-
ues, the response  becomes higher in frequency,

higher in level and  rougheT  in variation  because of
the  decrease ofinternal  friction and  the  expansion  of

peak intervals. This is the case  of  metals  such  as

aluminum.  And,  with  decreasing (E/p)i'2 values,

the  response  becomes lower in frequency, lower in
level and  gentler in variation  because ofthe  increase

of  internal friction and  the reduction  of  peak inter-
yals. This is the case  of  plastics such  as  acrylic

resin. From  these frequency responses,  an  isotropic
material  is unsuitable  for soundboards.  (2) In
orthogonal  materials,  the  L  direction having  high  E

and  the R  direction haying low E  respond  to high
frequencies and  low frequencies, respectivety,  and

such  boards can  respond  to wide  range  frequencies
without  the expansion  ofthe  interval between peaks,
And,  with  increasing ELIp, the response  level

increases and  the level drop in the iange  of  high

frequencies becomes larger because ofthe  increase of

shear  effects. Wood  is an  orthotropic  and  porous
rnateriul,  and  Picea genus of  all wood  is lighter in
weight,  the  highest in ELIp,smaller in S2L-i and  the

strongest  in anisotropy.  Therefore, Picea genus has
the response  pattern of  high level in the range  of

middle  frequencies. This is the  mechanism  how

wood  of  Picea genus satisfies the conditions  required

for the  materials  foT soundboards.  And,  this is the

answer  to the question of  why  wood  and  also  lim-
ited wood  have been used  for musical  instrument
soundboards,

  Consequently, it can  be concluded  that  the  fea-
tures  of  frequency responses  for each  material  ln this

experiment  are  attributed  to their fo11owing physical
propenies : {1) The  acrylic  resin  has much  lower E,
much  higher Q"i and  the  isetropy. (2) The  alumi-

num  has much  higher E, hlgher (E!p)t'2, much

lower Q'i and  the isotropy, (3) The softwood  has
lower p, higher (EZ/p)i'2, lower Q-i and  the stron-

ger anisotropy  in LR  plane. In the Sitka spruce,
thepropertiesarethestrongest.  (4) Thehardwood
has the acoustical  propenies opposed  to those ofthe

softwood.  In the maple,  the properties are  the

strongest.  (5) The other  species  of  wood  have the
acoustical  values  lying between those of  lhe Sitka

spruce  and  the maple.

5.5 The Other Conditions Required for a Wood

    Board for Soundboards

  lt is required  that wood  for soundboards  has not
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only  high IEL but also  high strength  in L  direction

for tolerating the tension of  string,  Then, from the

viewpoint  of  flexural rigidity,  the conditions

required  for a  wood  board for soundboards  were

considered.

  High Il, means  large amplitude,  i.e. Iarge
deflection, at a eonstant  radiation  area,  while  as

flexural rigidity  EI (I : geometrical moment  of  iner-

tia) increases, deflection decreases. In rectangular

section,  l =  bh3112 (b ==  width  and  h=  thickness), so

from EI. it is desirable that  E  is made  high and  h is
made  small.  When  the flexural rigidity  44  of  

'b'

board is equalized  to  the flexural rigidity  EL4  of`a'

board with  the same  width  and  length, the fo11owing
equation  is derived :

                k･-(::)3 (,,

When  fi, is made  high, hb can  be made  small  aocoTd-

ing to above  equation.  E  is proportional to p  from
the calculation  equation,  so  E  is high at  high p or

high Efp. Thep  had a  negative  correlation  to the

il,, because high p means  high weight,  so  it is
required  that thep  is low. On  the other  hand, the

EZIp had a  positive correlation  to  the  Its, There-

fore, wood  having low p  and  high EZIp satisfies

above  conditions.  This result  is compatible  with

the  resuits  of  sections  5,2 and  5.4, In addition,  in
this  experiment,  the  difference in flexural rigidity  of

the test boards is equivalent  to the diflbrence in EL of

them,  because their  size is almost  the same.  There-

fore, it is expected  that  the EL has a  negative  correla-

tion to the 1ts ; however, the EL had no  correlation  as

shown  in Table 3. This result  can  be explained  by
the facts that the EL depends on  both factors ef  the

p and  the EZIp  which  have a  negative  correlation

and  a positive correlation  to the R,, respectively.

  Frorn other  researcher's  data, not  only  LR  plane
but also  flat grain (LT) plane have strong

anisotropy.  On the other hand, however, in the

degree of  swelling  and  shrinkage,  tangential (T)
direction is the largest and  R  diroction is smaller  ;

therefore, in the board with  LT  plane, the  deforma-
tion caused  by humidity variation  is the largest and

many  troubles of  warp  and  separation  etc. oocur.

The  board with  LT  plane has this defect and  has

never  been usod  fo[ soundboards.  The  board  with

LR  plane is the most  desirable also  in this point.

  Consequent]y, when  summarizing  the results

obtained  in this  study,  it is required  that wood  for

soundboards  has low p, high ELIp, low Q"  and

the  stronger  anisotropy  in LR  plane. Wood  of

Picea genus satisfies these conditions  and  has been
made  skillfully  use  of  the characteristics  to sound-

boards and  is the  best material  for soundboards  at

present. This result is usefu1  for the development of
new  materials  for soundboards.
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