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PREFACE 

On November 14,  1981, t h e  Committee f o r  Music Acoust ics  of  t h e  Royal 
Swedish Academy o f  Music a r ranged  a  fu l l -day  seminar  on t h e  a c o u s t i c s  o f  
t h e  g u i t a r .  The s e m i n a r  was h e l d  a t  t h e  Royal  I n s t i t u t e  o f  Techno logy  
(KTH) i n  c o o p e r a t i o n  w i t h  t h e  D e p a r t m e n t  o f  Speech  Communica t ion  and 
Music  A c o u s t i c s .  The p u r p o s e  o f  t h e  s e m i n a r  was t o  p r e s e n t  t h e  l a t e s t  
f i n d i n g s  of  " r e s e a r c h  and t o  combine t h e s e  f i n d i n g s  w i t h  an educa t ion  i n  
f u n d a m e n t a l  a c o u s t i c s  and t h e  e x p e r i e n c e  o f  p l a y e r s  and makers .  Thus 
P ro fe s so r  JDrgen Meyer was i n v i t e d  t o  p r e s e n t  t h e  r e s u l t s  of  h i s  exten-  
s i v e  i n v e s t i g a t i o n s  i n  which perceived t o n a l  q u a l i t i e s  were l i nked  t o  t h e  
f u n c t i o n  and  t h e  c o n s t r u c t i o n  o f  t h e  g u i t a r .  R e s u l t s  o f  t h e  i n v e s t i g a -  
t i o n s  a t  KTH were presen ted ,  combined w i t h  an i n t r o d u c t i o n  i n  fundamental  
a c o u s t i c s .  D u r i n g  o n e  o f  t h e  l e c t u r e s ,  D r .  L e i f  Ek, a t  t h e  I n s t i t u t e  of  
O p t i c a l  R e s e a r c h ,  d i s p l a y e d  t h e  f u n d a m e n t a l  v i b r a t i o n  p a t t e r n s  of  a  
g u i t a r  t o p  p l a t e  w i t h  h i s  o p t i c a l  i n t e r f e r o m e t e r ,  Vibravis ion.  F i n a l l y  
two  p a n e l  d i s c u s s i o n s  were h e l d  as a  d i r e c t  exchange  o f  i n f o r m a t i o n  
between t h e  r e s e a r c h e r ,  p l a y e r s  and makers. The pape r s  have been e d i t e d  
and a r e  hereby presen ted  t o g e t h e r  w i t h  t h e  pane l  d i s c u s s i o n s  summarized 
by t h e  e d i t o r .  

I n  breaks  between l e c t u r e s ,  music was performed. Svenska G i t a r r t r i o n  - 
J o r g e n  Rdrby,  E r i k  M b l l e r s t r o m  and  Goran Wis t rbm - d e m o n s t r a t e d  t h e  
p o t e n t i a l  o f  t h e  g u i t a r  t r i o  and TorbjBrn Bergstam played contemporary 
music on t h e  baroque l u t e  and an e a r l y  19th cen tu ry  g u i t a r  (S t au fe r ) .  

S i  F e l i c e t t i  h a s  t y p e d  P r o f .  Meye r t s  p a p e r s ,  and  K a r i n  Holmgren h a s  
read and improved a l l  t h e  manuscr ip t s  i n  p o i n t  of  language. Bert i l  Alving 
has  a t t ended  t o  t h e  product ion of  t h e  gramophone record. 

KTH,  May 1983 

Er ik  Jansson ,  e d i t o r  
Committee f o r  Music Acoust ics  





ACOUSTICS FOR THE GUI'I'AR PLAYZII 

E r i k  V J a n s s o n  
Department o f  Speech Communication and Music Acous t ics  

Royal I n s t i t u t e  o f  Technoiogy (KTH) 

I n t r o d u c t i o n  

I n  two p a p e r s  I s h a l l  p r e s e n t  b a s i c  a c o u s t i c s  f o r  t h e  g u i t a r  p l a y e r  
and maker r e s p e c t i v e l y .  Therefore  i n  t h i s  first paper I s h a l l  t a l k  main ly  
a b o u t  t h e  g u i t a r  t o n e  and  i n  t h e  s e c o n d  m a i n l y  a b o u t  t h e  g u i t a r  body. I 

s h a l l  t r y  t o  convey  a n  u n d e r s t a n d i n g  o f  f u n d a m e n t a l  p r o p e r t i e s  o f  t h e  
g u i t a r  tone  by answering t h r e e  ques t i ons :  

1 )  What is  a  g u i t a r  tone?  
2)  What can t h e  p l a y e r  do t o  t h e  tone?  
3) What does t h e  g u i t a r  do t o  t h e  tone?  

I n  s e e k i n g  t h e  a n s w e r s  we have  t o  s t a n d  w i t h  one  l e g  i n  e a c h  o f  two  
w o r l d s  - one  l e g  i n  t h e  w o r l d  o f  m u s i c  and t h e  o t h e r  i n  t h e  w o r l d  o f  
a c o u s t i c s .  I n  t h e  m u s i c  w o r l d ,  i.e. a  w o r l d  o f  e x p e r i e n c e ,  man i s  t h e  
r e c o r d i n g  i n s t r u m e n t .  Only man c a n  r e c o r d  and  c r e a t e  a n  e x p e r i e n c e .  I n  
t h e  o t h e r  world,  t h e  world o f  a c o u s t i c s ,  phys i ca l  p r o p e r t i e s  a r e  recorded 
w i t h  t e c h n i c a l  measuring equipment. The r e l a t i o n  between t h e  human ex- 
pe r i ence  o f  a  s p e c i f i c  sound and i t s  a c o u s t i c  d e s c r i p t i o n  is  o f t e n  very 
complicated.  Such r e l a t i o n s  a r e  i n  f a c t  o f t e n  s o  compl ica ted ,  t h a t  s t i l l  
t o d a y  we o n l y  c a n  g i v e  c l e a r c u t  a n s w e r s  t o  how a  s p e c i f i c  sound i s  

experienced i n  s imp le  cases .  I n  t h i s  paper  recorded a c o u s t i c a l  p r o p e r t i e s  
a r e  presented.  The r eade r  is  i n v i t e d  t o  use  h i s  own " b u i l t - i n  experience" 
m e t e r  t o  r e l a t e  h i s  e x p e r i e n c e  t o  measu red  a c o u s t i c a l  p r o p e r t i e s ,  by 
means o f  t h e  inc luded  sound examples. 



What is  a  g u i t a r  tone?  

L e t  u s  s t a r t  w i t h  a  c o m p a r i s o n  o f  how t h e  t o n e  i s  d e s c r i b e d  i n  t h e  
world o f  music and t h e  world o f  acous t i c s .  

I n  m u s i c  we u s e  a  s t a f f  c o n s i s t i n g  o f  f i v e  p a r a l l e l  l i n e s ,  c.f. 
F ig .  l a .  E x t r a  l i n e s  can  be added  above  and b e l o w  t o  e x t e n d  t h e  s t a f f .  
The t o n e  t o  be  p l a y e d  i s  marked by i t s  p o s i t i o n  i n  t h e  s t a f f ,  on a  l i n e  
o r  b e t w e e n  two  l i n e s .  I n  t h e  a c o u s t i c a l  d e s c r i p t i o n ,  a  d i a g r a m  is 
g e n e r a l l y  used .  I n  t h i s  d i a g r a m  t h e  f r e q u e n c y  o f  t h e  t o n e  i s  marked by 
i t s  p o s i t i o n  along a  h o r i s o n t a l  s c a l e ,  t h e  h o r i s o n t a l  a x i s ,  c.f. Fig. lb. 
The s t r e n g t h  o f  t h e  t o n e ,  i t s  sound l e v e l ,  i s  marked  a l o n g  a v e r t i c a l  
s c a l e ,  t h e  v e r t i c a l  ax is .  

L e t  u s  s t u d y  a  few examples .  I n  F ig .  1c  t h e  t o n e  p o s i t i o n  o f  A ,  t w o  
l i n e s  below t h e  s t a f f  has  been marked. This  t one  p o s i t i o n  corresponds t o  
t h e  frequency 220 Hz, t h e  p o s i t i o n  of t h e  bar  on t h e  h o r i s o n t a l  s c a l e  i n  
F ig .  Id.  The m u s i c a l  t o n e  p o s i t i o n  c o r r e s p o n d s  t o  t h e  a c o u s t i c a l  
f requency . 

I n  t h e  m u s i c a l  d e s c r i p t i o n ,  t h e  s t r e n g t h  o f  t h e  t o n e  i s  marked w i t h  
a d d i t i o n a l  s i g n s  s u c h  a s  f'f f o r  s t r o n g  and  pp f o r  weak, F i g s .  l e  and Ig. 
This  i s  marked i n  t h e  a c o u s t i c a l  d e s c r i p t i o n  a s  h igh  l e v e l ,  i.e. a  h igh  
b a r  i n  F ig .  I f ,  and a  low l e v e l ,  a  l ow  b a r  i n  F ig .  I h ,  r e s p e c t i v e l y .  The 
dynamical l e v e l  i n  music correponds t o  a c o u s t i c a l  sound l e v e l .  The acous- 
t i c a l  sound l e v e l  is measured i n  dB. 

But t h e  a c o u s t i c a l  d e s c r i p t i o n  of  a  mus i ca l  tone  g e n e r a l l y  c o n t a i n s  
s e v e r a l  b a r s  a s  shown i n  t h e  example  o f  F ig .  I j .  T h i s  m u s i c a l  t o n e  
c o n s i s t s  of  f i v e  b a r s  a t  equa l  frequency d i s t a n c e s  from its neighbours.  
Thus t h e  m u s i c a l  t o n e  c o n s i s t s  n o t  o f  one  t o n e  b u t  a  s e r i e s  o f  f i v e  
a c o u s t i c a l  tones ,  f i v e  p a r t i a l s .  The f i v e  p a r t i a l s  c o n s t i t u t e  a harmonic 
spectrum. I f  t h e  p a r t i a l s  a r e  p l o t t e d  i n  t h e  s t a f f ,  we o b t a i n  t h e  marked 
chord. 

The e f f e c t  o f  t h e  p a r t i a l s  i n  F i g .  l i  and  I j  on m u s i c a l  t o n e s  i s  

demonstrated by sound example 1, which is  ar ranged  accord ing  t o  Fig. 2. 

F i r s t  we h e a r  e a c h  i n d i v i d u a l  t o n e ,  p a r t i a l ,  a c c o r d i n g  t o  t h e  f o u r  
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Fig. 1. Musical representation and acoustical representation. 



d i a g r a m s  i n  t h e  l e f t  co lumn o f  F ig .  2 ,  r e p e a t e d  twice ,  t h e r e a f t e r  t h e  
s u c c e s s i v e  a d d i t i o n s  o f  t h e  t o n e s ,  t h e  p a r t i a l s ,  i n  t h e  sound e x a m p l e s  
c o r r e s p o n d i n g  t o  t h e  r i g h t  co lumn o f  F ig .  2 ,  r e p e a t e d  t w i c e :  f i r s t  t h e  
l o w e s t  t o n e ,  t h e  f i r s t  p a r t i a l ,  t h e r e a f t e r  t h e  f i r s t  and t h e  s e c o n d  

SINGLE AOOEO 

FREQUENCY FREQUENCY 

Fig.  2. S ing l e  tones  and s p e c t r a l  components, i.e. p a r t i a l s ,  c.f. sound 
example 1. 

p a r t i a l s  t oge the r ,  then  t h e  f irst ,  second and t h i r d  p a r t i a l s  t o g e t h e r ,  
and f i n a l l y  t h e  f i rs t ,  second, t h i r d  and f o u r t h  p a r t i a l s  toge ther .  We can 
c l e a r l y  hear  t h a t  t h e  t imbre  impress ion  of t h e  mus ica l  tone  changes wi th  
t h e  i nc reas ing  number of  p a r t i a l s .  T h i s  d e m o n s t r a t e s  t h e  c o r r e s p o n d e n s  
be'tween t h e  mus ica l  t i m b r e  and t h e  ( a c o u s t i c a l )  p a r t i a l  s t r u c t u r e ,  t h e  
tone  s ~ e c t r u m .  

A t imbre  e f f e c t ,  llroughnessll c o n t r a  nsmoothnessll can  be expla ined  by 
means o f  t h e  number o f  p a r t i a l s .  A m u s i c a l  t o n e  w i t h  o n e  t o  f o u r  p a r -  



t i a l s ,  c.f. F ig .  3 ,  s o u n d s  smooth .  But  i f  t h e  number o f  p a r t i a l s  i s  
i n c r e a s e d  t o  s i x ,  t h e n  a  t i m b r e  o f  n roughness l f  i s  d e v e l o p e d  ( sound  
example 2). This  experience o f  "roughness11 c o n t r a  llsmoothnessll depends on 
p r o p e r t i e s  o f  t h e  human h e a r i n g  ( T e r h a r d t  1974) .  A m u s i c a l  t o n e  con-  
s i s t i n g  o f  f i v e  o r  more p a r t i a l s  w i l l  c o n t a i n  a t  l e a s t  t w o  p a r t i a l s  
w i t h i n  a  s o  c a l l e d  c r i t i c a l  band o f  hea r ing ,  which c r e a t e s  an  expe r i ence  

FREQUENCY 6 

Fig .  3. Spec t r a  producing s e n s a t i o n s  o f  smoothness ( f o u r  p a r t i a l s )  and 
roughness ( s i x  p a r t i a l s ) ,  c.f. sound example 2. 

o f  roughness .  Thus we have  h e r e  a n  e x a m p l e  o f  a c o u s t i c a l  m e a s u r e s  p r e -  
d i c t i n g  an l l exper ience l l .  

L e t  u s  l o o k  i n  some d e t a i l  a t  a  t y p i c a l  g u i t a r  t o n e .  I n  F ig .  4, t h r e e  
d i a g r a m s ,  t h r e e  a c o u s t i c a l  l l s n a p s h o t s l l  o f  a  g u i t a r  t o n e  E (165  Hz, t h e  
s i x t h  s t r i n g  s topped a t  t h e  12th f re t )  a r e  shown. The t h r e e  diagrams show 
t h e  p a r t i a l  t o n e  s t r u c t u r e  s h o r t l y  a f t e r  t h e  p l u c k i n g ,  and a t  0.2 and  
0.4 s e c  l a t e r .  The t h e  u p p e r  d i a g r a m  shows 14 p a r t i a l s  o f  v a r y i n g  
s t r e n g t h s .  The 0.2 s e c  o n e ,  t h e  m i d d l e  o n e ,  shows  9  p a r t i a l s  and  t h e  
0.4 s e c  o n e ,  t h e  l o w e r  o n e ,  7  p a r t i a l s .  A c l o s e r  l o o k  r e v e a l s  t h a t  t h e  
l e v e l s  o f  t h e  d i f f e r e n t  p a r t i a l s  decay w i t h  d i f f e r e n t  r a t e s  approx 3 dB 
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Fig.  4. I n s t a n t  s p e c t r a  o f  a  g u i t a r  t o n e  a t  0 ,  0.2 and 0.4 s e c  a f t e r  
plucking.  

i n  0.2 s e c  f o r  t h e  f i r s t  t h r e e  p a r t i a l s ,  approx 10 dB f o r  t h e  next  h igher  
ones,  and 15 dB f o r  t h e  f o u r  h i g h e s t  ones. 

By means of  t h i s  a n a l y s i s  a  g u i t a r  tone  can be e l e c t r o n i c a l f i  recon- 
s t r u c t e d ,  synthesized.  If t h e  r e c o n s t r u c t i o n  produces t h e  same l i s t e n i n g  
e x p e r i e n c e  a s  t h e  " n a t u r a l f f  g u i t a r  t o n e ,  t h e n  t h e  i m p o r t a n t  a c o u s t i c a l  
e lements  of  t h e  tone  have been captured.  Let  me demons t ra te  t h e  power o f  
t h i s  method of  i n v e s t i g a t i o n ,  w i t h  sound example 3. 



I n  sound example 3 we h e a r  t h r e e  t y p i c a l  and comple te ly  synthes ized  
g u i t a r  t o n e s ,  f o l l o w e d  by t h r e e  r e p e t i t i o n s  o f  a  s y n t h e z i s e d  p a r t i a l  
s p e c t r u m  s i m i l a r  t o  t h a t  o f  F ig .  5. The p a r t i a l  s p e c t r u m  s o u n d s  f a i r l y  
" n a t u r a l n  b u t  t h e r e  i s  s o m e t h i n g  m i s s i n g  i n  t h e  a t t a c k .  The m i s s i n g  
components is a  weak body sound, which is presen ted  first s e p a r a t e l y  t hen  
added  t o  t h e  a b o v e  p a r t i a l  s p e c t r u m .  The r e s u l t  i s  t h e  t y p i c a l  g u i t a r  
t o n e  again.  

We now have a  s u f f i c i e n t  understanding of  t h e  main a c o u s t i c a l  e lements  
t o  c r e a t e  a  c h a r a c t e r i s t i c  g u i t a r  tone. The c h a r a c t e r i s t i c s  of  t h e  g u i t a r  
t o n e  a r e  s e t  by t h e  p a r t i a l  s t r u c t u r e  w i t h  a  weak body sound added  
i n i t i a l l y .  B e f o r e  l e a v i n g  t h e  n s n a p s h o t s l l  o f  t h e  g u i t a r  t o n e ,  a n o t h e r  
d e t a i l  s h o u l d  be  p o i n t e d  o u t .  The s i x t h  and t h e  e l e v e n t h  p a r t i a l s  have  
very low l e v e l s ,  i.e. t h e  p a r t i a l  s p e c t r a  each have two c l e a r  minima. We 
s h a l l  e x p l a i n  t h e s e  minima later. 

What can t h e  ~ l a v e r  do t o  t h e  tone? 

The p l a y e r  c a n  v a r y  t h e  p o s i t i o n ,  t h e  d i r e c t i o n  and t h e  way o f  
plucking. A l l  t h r e e  f a c t o r s  i n f l u e n c e  t h e  c h a r a c t e r  of  t h e  played tone. 
But t o  be  a b l e  t o  u n d e r s t a n d  how t h i s  i s  p o s s i b l e ,  we mus t  f i r s t  l e a r n  
some b a s i c  s t r i n g  acous t i c s .  F i r s t  l e t  us  s tudy  how a  s t r i n g  may v i b r a t e ,  
s e e  F ig .  5 t h e  u p p e r  h a l f .  P r e v i o u s l y  we have  s e e n  and  h e a r d  t h a t  a 
m u s i c a l  t o n e  i s  n o t  a  s i n g l e  t o n e ,  b u t  a  s e r i e s  o f  t o n e s ,  s o  c a l l e d  
p a r t i a l s .  Every  s u c h  p a r t i a l  c o r r e s p o n d s  t o  a  s p e c i a l  k i n d  o f  s t r i n g  
v i b r a t i o n ,  a  s o  c a l l e d  s t a n d i n g  wave. I n  t h e  f i r s t  p a r t i a l ,  t h e  funda -  
menta l ,  t h e  v i b r a t i n g  s t r i n g  d e s c r i b e s  a  smooth l i n e  w i t h  one maximum i n  
t h e  middle. I n  t h e  second p a r t i a l  t h e  s t r i n g  d e s c r i b e s  a  smooth l i n e  but  
now w i t h  two v i b r a t i o n  maxima and a  minimum i n  t h e  middle. The v i b r a t i o n  
min ima a r e  c a l l e d  nodes  and  t h e  maxima a n t i n o d e s .  The two  v i b r a t i o n  
p a t t e r n s  can  be  s e e n ,  i f  one l o o k s  a l o n g  t h e  s i x t h  g u i t a r  s t r i n g  imme- 
d i a t e l y  a f t e r  p l u c k i n g .  The v i b r a t i o n  p a t t e r n  o f  t h e  f u n d a m e n t a l ,  t h e  
first p a r t i a l ,  is obta ined  by plucking t h e  open s t r i n g  i n  t h e  p o s i t i o n  of  
t h e  t w e l f t h  fret.  The v i b r a t i o n  p a t t e r n  o f  t h e  second p a r t i a l  is obta ined  
by plucking a t  t h e  sound ho le  and by f i n g e r i n g  s imu l t aneous ly  t h e  oc tave  
f l a g e o l e t .  
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Fig.  5. Demonstration o f  t h e  i n f l u e n c e  of  p lucking  pos i t i on .  Upper l e f t :  
t h e  f o u r  l owes t  s t r i n g  p a r t i a l s  ( v i b r a t i o n  modes), upper r i g h t :  
c o r r e s p o n d i n g  t o n e  p a r t i a l s  ( s p e c t r a l  components), lower  l e f t :  
f ou r  d i f f e r e n t  p luck ing  modes ( d i f f e r e n t  p l u c k i n g  p o s i t i o n s ) ,  
and lower  r i g h t :  ske t ch  of t h e  s p e c t r a  r e s u l t i n g  from t h e  d i f -  
f e r e n t  plucking p o s i t i o n s ,  c.f. sound example 4. 



The t h i r d  p a r t i a l  has  t h r e e  a n t i n s d e s  and two nodes as shown i n  
Fig,  5. The f c u r t h  p a r t i a l  has  f o u r  an t inodes  and t h r e e  nodes. Note t h a t  
t h e s e  p a r t i a l s  c o r r e s p o n d  t o  s p e c i f i c  f l a g e o l e t  tones.  Analogous rela- 
t i o n s h i p s  hold f o r  h ighe r  p a r t i a l s  and f l a g e o l e t  tones.  

Now l e t  u s  examine how t h e  p lucking  p o s i t i o n  a f f e c t s  t h e  played tone. 
Below t h e  v i b r a t i o n  p a t t e r n s  of  Fig,  5,  t h e  i n i t i a l  de fo rma t ions  f o r  f o u r  
d i f f e r e n t  plucking p o s i t i o n s  a r e  ske tched ,  i.e. p lucking  a t  t h e  middle ,  
a t  a  t h i r d ,  a t  a  s i x t h  and a t  a t e n t h  o f  t h e  s t r i n g  l e n g t h  f r o m  t h e  
bridge. The fo l l owing  fundamental r e l a t i o n  is v a l i d :  a p a r t i a l  can n o t  be 
i n i t i a t e d  a t  t h e  nodal p o s i t i o n  o f  t h e  corresponding s t a n d i n g  wave, and a  
p a r t i a l  i s  i n i t i a t e d  maximum a t  i t s  a n t i n o d a l  pos i t i on ( s ) .  

The consequence  o f  t h i s  i s  t h a t  when t h e  s t r i n g  i s  p l u c k e d  i n  t h e  
middle  p o s i t i o n ,  t hen  we i n i t i a t e  t h e  s t and ing  wave of  t h e  f irst  p a r t i a l  
and thus  t h e  f i r s t  p a r t i a l .  The s t a n d i n g  wave of t h e  second p a r t i a l  ha s  a  
minimum, a  node a t  t h e  m i d d l e  and  t h u s  t h e  s e c o n d  p a r t i a l  i s  n o t  
i n i t i a t e d .  The s t a n d i n g  wave o f  t h e  t h i r d  p a r t i a l  h a s  maximum i n  t h e  
m i d d l e ,  t h e  f o u r t h  a  minimum etc .  Thus t h e  t h i r d  p a r t i a l  i s  i n i t i a t e d ,  
t h e  f o u r t h  n o t  e t c .  The r e s u l t i n g  p a r t i a l  s t r u c t u r e  o f  p l u c k i n g  i n  t h e  
m i d d l e  i s  s k e t c h e d  t o  t h e  l e f t  o f  t h e  c o r r e s p o n d i n g  i n i t i a l  p l u c k i n g  
deformation of  Fig. 5. When t h e  s t r i n g  i s  plucked a t  a  t h i r d  of  a  s t r i n g  
l e n g t h  f rom t h e  b r i d g e ,  t h e n  t h e  f i r s t ,  t h e  s e c o n d ,  and  t h e  f o u r t h  
s t and ing  waves a r e  i n t i a t e d ,  bu t  n o t  t h e  t h i r d .  Thus t h i s  plucking w i l l  

no t  g ive  a  t h i r d  p a r t i a l  nor  a  s i x t h ,  n i n t h  e t c .  When p lucking  a t  a  s i x t h  
o f  t h e  s t r i n g  l e n g t h ,  t h e  s i x t h ,  ( t h e  t w e l f t h  e t c )  p a r t i a l s  a r e  n o t  
i n i t i a t e d ,  and when p l u c k i n g  a t  a  t e n t h  o f  a  s t r i n g  l e n g t h ,  t h e  t e n t h  
(and twefitleth e t c )  p a r t i a l s  a r e  n o t  i n i t i a t e d ,  Normal. p lucking  p o s i t i o n  
i s  somewhere between a  t h i r d  and a  t e n t h  of t h e  s t r i n g  length .  

I n  sound example  4 we c a n  l i s t e n  t o  t h e  d i f f e r e n t  s p e c t r a  o f  F i g .  5. 
F i r s t ,  one  h e a r s  f l r s t  a g o n g - l i k e  s o u n d ,  f o l l o w e d  by t h r e e  somewhat  
g tx l  tar-3 i k e  s o u n d s ,  which  v a r y  q u i t e  n a t a c e a t l y  .I. n  q u a l i  t y .  in r e a l i t y  
t h e  r e s u l t  of  d i f f e r e n t  pluckang p o s i t i o n s  a r e  somewhat more complex. The 
presen tea  p r l n c j p l e  a p p l i e s  bu t  a  more d e t a i l e d  a n a l y s i s  shows t h a t  t h e  
l e v e l s  of t h e  p a r t i a l s  decrease  a f t e r  every minimum, t h u s  enhancing t h e  
e f f e c t  of  p lay ing  c l o s e  t o  t h e  br idge.  



The s t r i n g  may be  p l u c k e d  irh d i f f e r e n :  ways f o r  i n s t a n c e  by t h e  
f i n g e r n a i l  o r  by t h e  f i n g e r t i p .  I am no t  a v a r e  o f  any a c o u s t i c a l  inves-  
t i g a t i o n s  o f  t h i s  t o p i c ,  b u t  I f i n d  a  t h e o r e t i c a l  p r e d i c t i o n  t o  be  i n  
p l ace ,  see Fig. 6. If  t h e  s t r i n g  is  plucked wi th  t h e  f i n g e r h i p  it w i l l  be 
b e n t  s m o o t h l y ,  b u t  i f  i t  i s  p l a y e d  w i t h  t h e  f i n g e r n a i l  it w i l l  make 
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Fig.  6. S k e t c h  o f  t h e  i n f l u e n c e  o f  d i f f e r e n t  ways o f  p l u c k i n g  and  o f  
s t i f f n e s s  of t h e  s t r i n g s  on t h e  r e s u l t i n g  p a r t i a l  spectrum. 

sharpe  bends. A smooth bend w i l l  g i v e  a  g u i t a r  tone  w i t h  fewer  p a r t i a l s  
than  t h e  sha rp  bend, t h a t  is a  q u a l i t a t i v e  d i f f e r e n c e  a s  sketched i n  t h e  
F ig .  6 t o  t h e  r i g h t .  The d i f f e r e n c e  s h o u l d  be  s t i l l  more pronounced  by 
t h e  s l o w  r e l e a s e  o f  t h e  s t r i n g  f rom t h e  f i n g e r t i p  and t h e  f a s t  r e l e a s e  
from t h e  f i n g e r n a i l .  A somewhat s i m i l a r  e f f e c t  should be expected between 
a  l1 f lex ib leW and a  llstiffll s t r i n g .  



Another f a c t  a v a i l a b l e  f o r  use i n  p r a c t i o a l  p l ay ing  is  t h e  d i r e c t i o n  
o f  t h e  p l u c k i n g ,  s e q  F ig .  7. L e t  me s t a r t  by ~ h o w i n g  t w o  e x t r e m e  cases. 
When t h e  s p r i n g  i s  p l u c k e d  p e r p e n d i c u l a r  t o  t h e  t o p  p l a t e  a s t r o n g  b u t  
s h o r t  pone is obta ined ,  If t h e  s t r i n g  is  plucked p a r a l l e l  w i t h  t h e  p l a t e  
a w49k b u t  l o n g  t ~ n e  i s  o b t a i n e d .  Normably t h e  s t r i n g  i s  p l u c k e d  a t  a n  
ang le  s l i g h t l y  towards  o r  away from t h e  p l a t e .  Thergfore  t h e  g u i t a r  t one  
can be regarded as c o n s i s t i n g  of  two p a r t s ,  qng part r e s u l t i n g  from t h e  
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Fig. 7. Sketch o f  t h e  i n f luence  o f  d i f f e r e n t  p lucking  d i r e c t i o n s .  

plucking p e r ~ e n d i c u l a r  09 and a second p a r t  from t h e  p lucking  i n  p a r a l l e l  
w i t h  t h e  t o p  p l a t e .  Dur ing  t h e  b e g i n n i n g  of  t h e  t o n e ,  i.e., t h e  i n i t i a l  
p a r t ,  v i b r a t i o n s  from t h e  plucking pe rpend icu l a r  t o  t h e  p l a t e  dominates.  
Af t e r  a  whiJe, i n  t h e  l a t e  p a r t ,  t h e  v i b r a t i o n s  i n  p a r a l l e l  t a k e  over  and 
dominate. During t h e  i n t e rven ing  time t h e  two p a r t s  c o n t r i b u t e  equa l ly ,  
wh ich  r e s u l t s  i n  a smoo th  t r a n s i t i o n  f r o m  t h e  t h e  i n i t i a l  p a r t  t o  t h e  
l a t e  p a r t .  



What does t h e  g u i t a r  do t o  t h e  tone?  

A s  m e n t i o n e d  p r e v i o u s l y  t h e  g u i t a r  t o n e  i s  composed o f  s t r i n g  
p a r t i a l s .  These  p a r t i a l s  s t a r t  o u t  s t r o n g  and d e c r e a s e  a t  d i f f e r e n t  
r a t e s .  I n  a n  i n v e s t i g a t i o n  t o g e t h e r  w i th  Graham Caldersmi th  t h e  r e l a t i o n s  
be tween  t o n a l  p r o p e r t i e s  and body p r o p e r t i e s  we re ' s t ud i ed  (Caldersmith 
and  J a n s s o n  1980).  Chr.omatic s c a l e s  c o v e r i n g  a o n e - o c t a v e  r a n g e  were 
p l a y e d  twice on e a c h  s t r i n g  i n  a n  a n e c h o i c  chamber .  The t o n e s  w e r e  
r e c o r d e d  on  t a p e .  I n  t h e  l a b o r a t o r y  t h e  t a p e  was r e p l a y e d  and  t h e  l e v e l  
o f  t h e  p a r t i a l s  were p l o t t e d  a s  a func t ion  of t ime. 
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Fig.  8. S k e t c h  o f  t h e  p a r t i a l  l e v e l  a s  a  f u n c t i o n  o f  t i m e ,  a n d  
d e f i n i t i o n  of  i n i t i a l  l e v e l  and i n i t i a l  l e v e l  f a l l .  

Two m e a s u r e s :  ( 1 )  i n i t i a l  l e v e l  and (2) i n i t i a l  l e v e l  f a l l ,  i . e .  t h e  
l e v e l  f a l l  d u r i n g  t h e  f i rs t  s e c o n d  were  d e f i n e d  a c c o r d i n g  t o  F ig .  8. 
These  two  m e a s u r e s  were  e x t r a c t e d  f rom a l l  p l a y e d  t o n e s .  I n  F i g .  9  t h e  
r e s u l t s  a r e  p lo t t ed .  The v a r i a t i o n s  i n  i n i t i a l  l e v e l s  o f  p a r t i a l s  of  t h e  
same frequency a r e  marked w i t h  t h e  v e r t i c a l  bars .  The l e n g t h s  of  t h e  b a r s  
a r e  i n  most c a s e s  w i t h i n  5 dB, bu t  t h e r e  i s  a  d i f f e r e n c e  o f  30 dB between 
t h e  maximum and t h e  minimum o f  t h e  d i f f e r e n t  bars .  This  means t h a t  t h e  
v a r i a t i o n s  i n  p lay ing  a r e  cons iderab ly  s m a l l e r  t h a n .  t h o s e  caused by t h e  
instrument .  

The v a r i a t i o n s  o f  t h e  i n i t i a l  l e v e l  f a l l s . f o r  p a r t i a l s  o f  t h e  same 
f r e q u e n c y  a r e  p l o t t e d  i n  F i g .  10. They a r e  marked by v e r t i c a l  b a r s .  The 
v a r i a t i o n s ,  t h e  l e n g t h s  o f  t h e  b a r s ,  a r e  som'ewhat l a r g e r  t h a n  t h o s e  i n  
F ig .  9 ,  b u t  s t i l l  w i t h i n  10 dB w i t h  few e x c e p t i o n s .  The v a r i a t i o n s  
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Fig. 9 (upper diagram). Initial levels of partials as a function of 
frequency . 

Fig. 10 (upper diagram). Initial level falls of partials as a function 
of frequency. 



between t h e  i n i t i a l  l e v e l  f a l l s  a t  d i f f e r e n t  f r equenc i e s  a r e  cons ide rab ly  
l a r g e r  - a  maximum o f  50 dB. 

A c o m p a r i s o n  o f  F i g u r e s  9 and  10 shows  t h a t  t h e  i n i t i a l  l e v e l s  have  
maxima where  t h e  i n i t i a l  l e v e l  f a l l  have  m i n i m a ,  i.e. t h e r e  i s  a n  
( i n v e r s e )  r e l a t i o n s h i p  between t h e  i n i t i a l  l e v e l s  and t h e  i n i t i a l  l e v e l  
f a l l s .  Thus a n  i n i t i a l l y  s t r o n g  p a r t i a l  d e c r e a s e s  q u i c k e r  t h a n  a n  i n i -  
t i a l l y  weak one. . 

The s t r i n g s  and t h e  way of  p lay ing  a r e  impor t an t  f o r  t h e  g u i t a r  tone. 
Therefore  i n  a  second experiment  t h e  p lay ing  was kep t  ?cons tan tn  and t h e  
s t r i n g s  w e r e  s w i t c h e d  b e t w e e n  two  g u i t a r s .  Thus w e  c o u l d  a c h i e v e  a  
m e a s u r e  o f  t h e  i m p o r t a n c e  o f  t h e  s t r i n g s  and  t h e  g u i t a r  body w i t h  no  
d i s t u r b a n c e s  from d i f f e r e n c e s  i n  playing.  The exper iments  were l i m i t e d  t o  
two tones ,  t h e  oc tave  t ones  on t h e  first and t h e  s i x t h  s t r i n g s .  

F i r s t ,  t h e  g u i t a r s  w e r e  t e s t e d  w i t h  t h e  o r i g i n a l  and f a i r l y  o l d  
s t r i n g s .  Secondly, t h e  g u i t a r s  were t e s t e d  w i t h  t h e  s t r i n g s  of  t h e  h igh  
q u a l i t y  g u i t a r  s h i f t e d  t o  t h e  medium q u a l i t y  g u i t a r  and new llmedium 
q u a l i t y t 1  s t r i n g s  p u t  on t h e  h i g h  q u a l i t y  g u i t a r .  T h i r d l y ,  t h e  g u i t a r s  
were t e s t e d  w i t h  t h e  o r i g i n a l  s t r i n g s  on t h e  h igh  q u a l i t y  g u i t a r  and t h e  
new medium q u a l i t y  s t r i n g s  on t h e  medium q u a l i t y  g u i t a r .  F i v e  t o  s i x  
t ones  were played f o r  each combination dur ing  one and t h e  same a f t e rnoon  
i n  t h e  anechoic  chamber. 

A d i r e c t  comparison of  t h e  h igh  tones  (E  660 Hz) from t h e  two g u i t a r s  
shows q u i t e  a  s t a r t l i n g  f a c t  a l though n o t  unp red i c t ab l e ,  s e e  Fig. 11. The 
i n i t i a l  l e v e l  f a l l  is  approximate ly  15 dB/sec faster f o r  t h e  h igh  q u a l i t y  
g u i t a r  compared t o  t h e  medium q u a l i t y  g u i t a r .  I n  s p i t e  o f  t h e  f a s t e r  
decay, t h e  high q u a l i t y  g u i t a r  most of  t h e  t ime  g i v e s  a  h igher  l e v e l  f o r  
t h e  s o u n d i n g  t o n e ,  a p p r o x i m a t e l y  10 dB h i g h e r  a f t e r  one  s e c o n d ,  f o r  
i n s t a n c e  . 

L e t  u s  a s sume  t h a t  t h e  t o n e s  w e r e  p l a y e d  i n  a s i t u a t i o n  where  t h e y  
could be heard t o  a l e v e l  50 dB below t h e  upper f r a m e l i n e  of  t h e  diagram, 
i .e .  t o  t h e  l e v e l  o f  t h e  d o t t e d  l i n e .  I f  s o ,  t h e  f u n d a m e n t a l s  o f  t h e  two  
g u i t a r s  w i l l  b e  h e a r d  f o r  0.8 and  1.2 s e c ,  r e s p e c t i v e l y ,  i . e .  a  50% 
d i f f e r e n c e  i n  t o n e  d u r a t i o n .  Assuming t h a t  t h e  t o n e s  c o u l d  be  h e a r d  t o  
only 40 dB below, t h e  broken l i n e ,  a  s t i l l  l a r g e r  d i f f e r e n c e  i s  obtained.  
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Fig.  11 .  L e v e l  o f  t h e  f u n d a m e n t a l  as  a  f u n c t i o n  o f  t i m e  f o r  t h e  o c t a v e  
t o n e  ( E  660  Hz) p l a y e d  on  t h e  f i r s t  s t r i n g  o f  a h i g h  q u a l i t y  
(HQ) and a medium q u a l i t y  g u i t a r  (MQ). 

Thus summarizing t h e  second experiment  and t h e  parameters  i n v e s t i g a t e d  
we found: 

1 .  The d i f f e r e n c e s  be tween  s t r i n g s  a r e  g e n e r a l l y  s m a l l .  An o l d  s p u n  
s t r i n g  may, however, produce a  cons ide rab ly  lower  l e v e l .  

2. The d i f f e r e n c e s  b e t w e e n  g u i t a r s  are  g r e a t e r  t h a n  t h e  d i f f e r e n c e s  
between s t r i n g s  - e s p e c i a l l y  f o r  t h e  t o n e s  of  t h e  f irst  s t r i n g .  

3. A h ighe r  i n i t i a l  l e v e l  may, i n  s p i t e  of  a more r a p i d  decay, r e s u l t  i n  
a  tone  of  l onge r  dura t ion .  

The presen ted  phys i ca l  r e l a t i o n s  between i n i t i a l  l e v e l s ,  i n i t i a l  l e v e l  
f a l l s ,  p e r c e p t i o n  t h r e s h o l d  l e v e l ,  and  d u r a t i o n  a r e  l i k e l y  t o  s e t  t h e  
l i m i t s  of u s e ,  and  t h u s  t h e  q u a l i t y  o f  a  g u i t a r .  Q u i e t  m u s i c  i n  a  q u i e t  
room s h o u l d  b e s t  be p l a y e d  on a g u i t a r  w i t h  s l o w l y  d e c a y i n g  t o n e s  i n  
s p i t e  of  t h e  low l e v e l .  Quick and "noisyw music should,  however, b e s t  be 
played on a g u i t a r  w i th  high i n i t i a l  l e v e l s ,  where, i n  a d d i t i o n ,  t h e  f a s t  
decay should be advantageous. 



The music room may be regarded e i t h e r  a s  a p a r t  o f  o r  an  ex t ens ion  o f  
t h e  g u i t a r ,  which makes it  n a t u r a l  t o  i nc lude  some b a s i c  room a c o u s t i c s .  
When a  g u i t a r  is  played outdoors ,  t h e  l i s t e n e r  w i l l  h ea r  t h e  sound coming 
d i r e c t l y  from t h e  played ins t rument .  If t h e  l i s t e n e r  i s  c l o s e  enough w i t h  
no d i s t u r b i n g  o b j e c t s  between h imse l f  and t h e  p l a y e r ,  t hen  t h e  l i s t e n e r  
g e t s  a  c l e a r  and d i s t i n c t  impress ion  of  t h e  played t o n e s  and t h e  d i r e c -  
t i o n  o f  t h e  p l a y e r .  T h i s  c lear  and d i s t i n c t  i m p r e s s i o n  i s  g i v e n  by t h e  
sound r a d i a t e d  d i r e c t l y  f rom t h e  p l a y e d  g u i t a r  t o  t h e  l i s t e n e r .  Wi th  
o b j e c t s  p o s i t i o n e d  i n  b e t w e e n  o r  a l m o s t  i n  b e t w e e n  t h e  p l a y e r  and  t h e  
l i s t e n e r ,  t h e  impress ion  i s  l e s s  d i s t i n c t .  The h igh  frequency components 
a r e  a f f e c t e d  most. 

The same c o n d i t i o n s  a p p l y  t o  m u s i c  i n  a room, b u t  w i t h  one  m o s t  
impor tan t  add i t i on .  The sound t h a t  impinges on t h e  walls, t h e  c e i l i n g  and 
t h e  f l o o r ,  i s  r e f l e c t e d .  If much o f  t h e  sound i s  r e f l e c t e d  and  l i t t l e  
a b s o r b e d ,  t h e  t l r e f l e c t e d f l  sound  d i e s  o u t  s l o w l y ,  and  r e s u l t s  i n  a  l o n g  
r eve rbe ra t i on  time. The l1ref lectedW sound a m p l i f i e s  t h e  d i r e c t  sound and 
more wvolumen i s  obta ined  a t  t h e  p r i c e  of  l o s s  i n  c l a r i t y .  

The l i s t e n i n g  c o n d i t i o n s  can be summarized i n  measures of  r e l a t i o n s  
between u s e f u l  and harmful  sounds. One measure, t h e  r e v e r b e r a t i o n  r a d i u s  
i s  t h e  d i s t a n c e  f rom t h e  p l a y e r  t o  t h e  l i s t e n e r  where  t h e  d i r e c t  sound  
and t h e  r e f l e c t e d ,  r e v e r b e r a t e d ,  sound  a r e  e q u a l l y  s t r o n g .  A r e v e r -  
b e r a t i o n  r a d i u s  o f  5 m is t y p i c a l  f o r  a  l a r g e  conce r t  h a l l .  The d i s t a n c e  
from p l aye r  t o  l i s t e n e r  i n  r e l a t i o n  t o  t h e  r e v e r b e r a t i o n  r a d i u s  p r e s e n t s  
one way o f  p r e d i c t i n g  d i s t i n c t n e s s  - b l u r r i n g  f o r  a l i s t e n i n g  pos i t i on .  
The second  m e a s u r e ,  e a r l y - t o - l a t e  sound ,  r e p r e s e n t s  a  m e a s u r e  more 
c l o s e l y  r e l a t e d  t o  t h e  human hear ing.  This  measure s a y s  t h a t  t h e  d i r e c t  
sound, and t h e  r e f l e c t e d  sound a r r i v i n g  s h o r t l y  a f t e r w a r d s  ( w i t h i n  say  50 
msec) a r e  advantageous, wh i l e  l a te  and s t r o n g  r e f l e c t i o n s  a r e  d i s t u r b i n g  
(Jordan 1977 and Schroeder 1979). Ear ly  s i d e  r e f l e c t i o n s  a r e  e s p e c i a l l y  
a d v a n t a g e o u s .  To g e t  s u f f i c i e n t  d i r e c t  sound  i t  i s  a d v a n t a g e o u s  t o  s e e  
t h e  p l aye r  w e l l ,  i.e. have ones head well above t h e  l i s t e n e r s  i n  f r o n t .  

For t h e  p layer  t h e  p o s i t i o n  i n  r e l a t i o n  t o  nearby r e f l e c t i n g  s u r f a c e s  
a r e  impor t an t ,  e s p e c i a l l y  when p lay ing  i n  groups. I n v e s t i g a t i o n s  of  such 
r e l a t i o n s h i p s  imply, t h a t  t h e  p l a y e r s  should t r y  t o  s i t  a t  a  d i s t a n c e  of  



3  t o  6 m away from a  s t r o n g l y  r e f l e c t i n g  s t a g e  wall ( r e f l e c t i o n s  w i t h i n  
17 t o  35 msec being u s e f u l ,  Marsha l l  e t  a 1  1978). 

Let u s  end t h i s  paper w i t h  a  demons t ra t ion  o f  t h e  impor tance  o f  d i f -  
f e r e n t  frequency r eg ions ,  sound example 5. We hea r  a p a r t  of  Lagrima by 
T a r r e g a ,  a c c o r d i n g  t o  F ig .  12. F i r s t  we h e a r  t h e  f u l l  f r e q u e n c y  r a n g e  - 
t h e  f i r s t  two  b a r s ;  t h e n  t h e  l ow  f r e q u e n c y  r a n g e  b e l o w  4 kHz - t h e  
f o l l o w i n g  two  b a r s ;  t h e  f u l l  f r e q u e n c y  r a n g e  i n  t h e  f o l l o w i n g  b a r ;  t h e  
h i g h  f r e q u e n c y  r a n g e  above  4  kHz - one  and  a  h a l f  b a r s ;  and  f i n a l l y  t h e  
f u l l  f r e q u e n c y  r a n g e  - t h e  l a s t  one  and  a  h a l f  b a r .  The c o r r e s p o n d i n g  

r- I F - 1 Highpass = I Full - 
Fig.  12. Demonstration o f  t h e  importance of  d i f f e r e n t  f requency r eg ions  

by f i l t e r i n g ,  sound  example  5  (Lag r ima  p l a y e d  by P. R i i s ) :  t h e  
d i f f e r e n t  p a r t s  a r e  r e p l a y e d  w i t h  t h e  f u l l  f r e q u e n c y  r a n g e ,  a  
low f r e q u e n c y  r a n g e ,  and a  h i g h  f r e q u e n c y  r a n g e  a s  marked.  
Frequency l i m i t s  used 4, 2 and 0.5 kHz r e s p e c t i v e l y ,  c f  F ig .  13. 
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f r e q u e n c y  r e g i o n s  a r e  marked i n  F ig .  13. The sound e x a m p l e  i s  r e p e a t e d  
w i t h  t h e  frequency l i m i t s  s e t  a t  2 and 0.5 kHz. By l i s t e n i n g  t o  t h e  music  
o n e  f i n d s  t h a t  a b o u t  4  kHz one  o n l y  h e a r s  s o u n d s  o f  t h e  a t t a c k ,  t h e  l o w  
frequency range below 2 kHz g i v e s  a somewhat hol low sound, wh i l e  t h e  h i g h  
frequency range  g i v e s  a tone of  g u i t a r  cha rac t e r .  The low frequency range  
below 0.5 kHz, i nc lud ing  t h e  main resonances,  g i v e s  a  very  hollow sound 
w i t h  i n d i s t i n c t  t o n e  a t t a c k s .  The c o r r e s p o n d i n g  h i g h  f r e q u e n c y  r a n g e  
c r e a t e s  t h e  i m p r e s s i o n  o f  a  " v e r y  c h e a p  g u i t a r w ,  a  g u i t a r  w i t h  a  v e r y  
t h i n  tone. Analyses o f  g u i t a r s  of  d i f f e r e n t  q u a l i t i e s  i n d i c a t e d  t h a t  h igh  
sound p r e s s u r e  l e v e l s  inc lud ing  h igh  l e v e l s  a t  500 - 800 Hz and a t  1500 - 
4000 Hz a r e  favorab le .  

Conclusion 

The t o n e  o f  t h e  g u i t a r  h a s  two  componen t s  - t h e  p a r t i a l s  o f  t h e  
s t r i n g s  and  t h e  body sound.  The body sound d i e s  o u t  q u i c k l y  a f t e r  t h e  
a t t a c k ,  bu t  p l a y s  an impor tan t  r o l e  i n  t h e  t one  a t t a c k .  

The p l aye r  can vary  t h e  p a r t i a l  spectrum of t h e  tone  i n  a  p h y s i c a l l y  
p r e d i c t a b l e  way, by c h o i c e  o f  p l u c k i n g  p o s i t i o n ,  way and  d i r e c t i o n  o f  
p l u c k i n g .  C l o s e r  t o  t h e  b r i d g e ,  p l a y i n g  w i t h  n a i l s  and  a  " f l e x i b l e n  
s t r i n g  g i v e  t h e  s t r o n g e s t  high frequency components. Plucking i n  p a r a l l e l  
wi th  t h e  t o p  p l a t e  g i v e s  a  weak but  l ong  tone. 

Fundamental p r o p e r t i e s  of  t h e  g u i t a r  t one  such a s  i n i t i a l  l e v e l s  and 
i n i t i a l  l e v e l  f a l l s  a r e  s e t  by t h e  p r o p e r t i e s  of  t h e  g u i t a r  body. A h igh  
i n i t i a l  l e v e l  means a  r ap id  i n i t i a l  l e v e l  f a l l ,  i.e. t h e  i n i t i a l  l e v e l  is 
p ropor t i ona l  t o  t h e  i n i t i a l  l e v e l  f a l l .  The d u r a t i o n  of  a more r a p i d l y  
decaying tone  may, however, be cons ide rab ly  l onge r  than  t h a t  of a s l o w l y  
d e c a y i n g  t o n e  - t h e  h i g h e r  i n i t i a l  l e v e l  may ~ o v e r c o m p e n s a t e n  f o r  t h e  
more r ap id  decay. 
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ACOUSTICS FOR THE GUITAR MAKER 
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Royal I n s t i t u t e  o f  Technology (KTH) 

I n t r o d u c t i o n  

The g u i t a r  is an  i n t r i c a t e  phys i ca l  system. I n  p r i n c i p l e  it  c o n t a i n s  
a n  u n l i m i t e d  number o f  p r o p e r t i e s  wh ich  i n f l u e n c e  t h e  q u a l i t y  o f  t h e  
played tone  t o  vary ing  degrees .  Some o f  t h e s e  p r o p e r t i e s  are impor t an t ,  
o t h e r s  not. Therefore ,  t o  g i v e  a  f e e l i n g  f o r  t h e  impor t an t  ones  and t h e i r  
r o l e  f o r  t h e  played tone ,  I s h a l l  i n  t h i s  my second paper  g i v e  a desc r ip -  
t i o n  o f  t h e  f u n d a m e n t a l  a c o u s t i c s  f o r  t h e  g u i t a r  body by a n s w e r i n g  t h e  
fo l l owing  ques t ions :  

1 )  What is a  g u i t a r ?  
2 )  What p r o p e r t i e s  a r e  b u i l t  i n t o  t h e  g u i t a r ?  
3) How does t h e  g u i t a r  func t ion?  

The answers  t o  t h e s e  ques t i ons  are sought i n  t h e  world of  a c o u s t i c s ,  
i . e .  t h e  w o r l d  o f  p h y s i c s .  T h e r e f o r e  some f u n d a m e n t a l  p h y s i c s  mus t  be  
i n t r o d u c e d  t o  make t h e  a n s w e r s  m e a n i n g f u l .  The t h i r d  q u e s t i o n  o f  t h i s  
p a p e r  and t h a t  o f  my p r e v i o u s  p a p e r  o v e r l a p ,  which  i s  n a t u r a l  a s  t h e  
i n t e r e s t s  of  maker and p l a y e r  overlap.  

What i s  a  g u i t a r ?  

The main p a r t s  of  a  g u i t a r  a r e  t h e  s i x  s t r i n g s ,  t h e  body and t h e  neck. 
The s t r i n g s  a r e  a t t ached  t o  t h e  b r idge ,  which i s  g lued  on to  t h e  t o p  p l a t e  
of  t h e  body. They a r e  s t r e t c h e d  over  t h e  t o p  p l a t e  and a c r o s s  t h e  nu t  t o  
t h e  tun ing  mechanism. The g u i t a r  is played by p u l l i n g  t h e  s t r i n g s  t o  one 



s i d e  and r e l e a s i n g  them, llpluckingn. Af te r  a s t r i n g  is r e l e a s e d  it s t a r t s  
v i b r a t i n g .  The v i b r a t i o n s  a r e  l a r g e  but  because o f  t h e  s m a l l  a r e a  of t h e  
s t r i n g ,  t h e  v i b r a t i o n s  g i v e  a l m o s t  no sound.  A s  t h e  t o p  p l a t e  i s  n o t  
r i g i d  i t  is set i n t o  v i b r a t i o n  v i a  t h e  br idge.  Thereby a  s m a l l  amount o f  
t h e  v i b r a t i o n a l  energy o f  t h e  s t r i n g  - l a r g e  v i b r a t i o n s  o f  a  s m a l l  a r e a  - 
a r e  t ransformed i n t o  v i b r a t i o n s  o f  t h e  t o p  p l a t e  - small v i b r a t i o n s  of  a  
l a r g e  area. The l a r g e  v i b r a t i o n  area o f  t h e  t o p  p l a t e  makes i t  a n  e f f i -  
c i e n t  sound r a d i a t o r  and t h e  p l a t e  r a d i a t e s  t h e  g u i t a r  t one  t h a t  w e  hear.  
The body works  a s  a n  a m p l i f i e r  o f  t h e  weak s t r i n g  sound.  A s c h e m a t i c  
diagram o f  t h i s  tone  product ion  cha in  is g iven  i n  Fig. 1. 

Fig.  1. The tone  product ion cha in  i n  i t s  s i m p l e s t  form. 

String Air vibrations 
vibrations = Sound 

The g u i t a r  body, a  wooden box,  i s  a  r a t h e r  complex  s t r u c t u r e .  It 

c o n s i s t s  o f  a  t op  p l a t e  (sound board) s i d e s  and a  back p l a t e ,  s e e  Fig .  2. 

The neck  w i t h  t h e  f r e t  boa rd  i s  a t t a c h e d  t o  t h e  t o p  p l a t e  and  t o  t h e  
s i d e s .  The back  p l a t e  i s  s t i f f e n e d  by t h i c k  c r o s s  s t r u t s .  I n  t h e  u p p e r  
p a r t  o f  t h e  t o p  p l a t e  t h e r e  i s  a  l a r g e  h o l e ,  t h e  sound h o l e .  Above and  
be low t h e  sound h o l e  t h e  t o p  p l a t e  i s  s t i f f e n e d  by t h i c k  c r o s s  s t r u t s  
which suppor t  t h e  neck\,and t h e  f r e t  board. The c r o s s  s t r u t s  and t h e  f r e t  
board make t h e  upper p a r t  of t h e  t o p  p l a t e  f a i r l y  r i g i d .  It is main ly  t h e  
t o p  p l a t e  a r e a  be low t h e  sound h o l e  t h a t  i s  f r e e  t o  v i b r a t e .  We s h a l l  
t h e r e f o r e  c a l l  t h i s  t h e  "free p a r t w  of  t h e  t o p  p l a t e .  

The " f r e e  par t1!  o f  t h e  t o p  p l a t e  h a s  a n  a d d i t i o n a l  s t i f f e n i n g  s t r u c -  
t u r e .  F i r s t  t h e  b r i d g e  on t h e  o u t e r  s i d e ,  wh ich  g i v e s  a  marked  c r o s s -  
s t i f f e n i n g .  Secondly, t h e r e  is  t h e  brac ing  system o f  t h e  i n n e r  s i d e ,  see 
Fig. 3, which should provide t h e  f i n a l  ad jus tmen t s  o f  t h e  t o p  p l a t e  t h u s  

< 
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Fig. 2. The basic guitar construction (from Sloane 1976). 



producing t h e  d e s i r e d  p rope r t i e s .  T r a d i t i o n a l l y  a f a n  brac ing  system is 
u s e d  which  f i r s t  was d e v e l o p e d  by T o r r e s ,  see F ig .  3a. T h i s  s y s t e m  
c o n t a i n s  a number o f  t h i n  b r a c e s  d i v e r g i n g  t o w a r d s  t h e  l o w e r  p a r t  b u t  
mainly i n  p a r a l l e l  w i t h  t h e  wood f i b r e s  o f  t h e  t o p  p l a t e .  Some makers 
u s e  a n  e x t r a  c r o s s - s t i f f e n i n g  u n d e r  t h e  b r i d g e ,  F ig .  3b ,  some u s e  a n  
e x t r a  c r o s s  ba r  below t h e  sound ho le ,  Fig. 3c. 

Fig. 4 Traditional fan bracing Fig. 5 Bouchet system 

F i g .  6 Transverse bar 

Fig.  3. Examples of  d i f f e r e n t  t o p  p l a t e  c o n s t r u c t i o n s  a s  seen from t h e  
back s i d e  (from Sloane 1976). 

T y p i c a l  g e o m e t r i c a l  m e a s u r e s  o f  t h e  g u i t a r  a r e  g i v e n  i n  F ig .  4. The 
l e n g t h  o f  t h e  neck  ( f r o m  body t o  n u t )  i s  h a l f  o f  t h e  open  s t r i n g  l e n g t h .  
The br idge  i s  pos i t i oned  halfway down t h e  " f r e e  p a r t n ,  but  s t i l l  a  l i t t l e  

above t h e  middle. Gu i t a r s  may look r a t h e r  d i f f e r e n t  but  t h e  main measures 
m r v  l i t t l e .  Note t hus  t h a t  t h e  br idge  i s  approximate ly  i n  t h e  middle  of  



[measures in mm1 

loo 
Fig .  4. T y p i c a l  m e a s u r e s  f o r  t h e  c l a s s i c a l  g u i t a r  ( p h o t o  

1976). 
f r o m  S l o a n e  
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t h e  f r e e  p a r t  and t h a t  t h e  w i d t h  o f  t h e  f r ee  p a r t  i s  a p p r o x i m a t e l y  t h e  
same a s  i ts length.  The t h i n  brac ing  on t h e  i n s i d e  can vary  q u i t e  a l o t  - 
p o s i t i o n s ,  number, dimensions and shape of  t h e  braces .  A very  i n t e r e s t i n g  
q u e s t i o n  is:  How i m p o r t a n t  a r e  t h e s e  v a r i a t i o n s  f o r  t h e  t o n e ?  T h i s  
q u e s t i o n  i s  d i s c u s s e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  s e c o n d  p a p e r  by p r o f .  
Meyer . 

What p r o p e r t i e s  a r e  b u i l t  i n t o  t h e  g u i t a r ?  

The g r o s s  a c o u s t i c a l  f e a t u r e s  o f  t h e  g u i t a r  a re  t h e  f o l l o w i n g .  They 
mainly d e s c r i b e  t h e  low frequency p rope r t i e s .  

TOP $ 5 AIR 

Fig.  5. Cooperation between d i f f e r e n t  resonances a )  t h e  first t o p  p l a t e  
r e s o n a n c e  and  t h e  a i r  vo lume r e s o n a n c e  ( a f t e r  C h r i s t e n s e n  and 
V i s t i s e n  19801, and  b )  a s  i n  c a s e  a )  b u t  w i t h  a  back  p l a t e  
resonance added. 

The g u i t a r  body i s  a c o u s t i c a l l y  a n  a i r  vo lume e n c l o s e d  by v i b r a t i n g  
w a l l s .  The f r e e  p a r t  o f  t h e  t o p  p l a t e  i s  t h e  e a s i e s t  p a r t  t o  se t  i n t o  
v ib ra t i on .  The a i r  volume can b rea the  through t h e  sound hole.  Th i s  acous- 
t i c a l  c o n s t r u c t i o n  r e s e m b l e s  c l o s e l y  an advanced loudspeaker  cons t ruc-  
t i o n ,  i.e., t h e  b a s s  r e f l e x  box. The p r i n c i p a l  f u n c t i o n  o f  t h e  g u i t a r  



bass-reflex-box is sketched in Fig. 5a. The free part of the top plate, a 
piston, is working against a spring, the suspension of the top plate and 
the compression of the air volume. A plug of air in the sound hole works 
as a second piston, which can also compress the air in the cavity. The 
two pistons are coupled via the air vibrations of the cavity, i.e., the 

compressions and rarefactions of the enclosed air volume. The relation 
between the two resonances, the top plate resonance and the air volume 
resonance, and the properties of the total system are well known. They 

have proved to describe the guitar properties accurately (Christensen and 
Vistisen 1980). 

In addition the guitar has a back plate, thus producing a piston- 
spring system as sketched in Fig. 5b. This means that the guitar is a 
considerably more complex system than sketched in Fig. 5a. Recent work 
has proved that the back plate can influence guitar properties (Calder- 
smith 1981). 

The model of the guitar, which has been presented above, predicts the 
low frequency properties. The air volume together with the sound hole 
gives a resonance at approx 100 Hz and the top plate a resonance at 
approx 200 Hz. The two resonances cooperate. A removal of the back plate 
thus removing the air volume resonance lowers the top plate resonance 
approx 50 Hz. This is also predicted by the model. 

The air volume resonance fills out the bass range of the guitar and 
the top plate resonance the next higher frequency range. The air volume 
resonance is most easily changed in frequency. A larger air volume, a 
smaller sound hole, or a sound hole with a llchimneyll lowers the frequen- 
cy, while a smaller air volume or a larger sound hole increases the 
frsquency. The top plate resonance is moved to higher frequencies by 
stiffening the top plate and lowered by adding a weight (a mass) on the 
bridge. However, the cooperation between the two resonances means, that 
when the frequency of one resonance is shifted, then the other resonance 
is perturbed in the same direction. Thus the maker must include this 
dependence between the resonances in his adjustments of properties. 

The guitar has not only the two (three) discussed resonances. It 
contains a large number of resonances, which will be discussed in the 
following. 



Fig .  6.  Time-average i n t e r f e r o g r a m s  (made by N.-E. Molin and K. S t e t s o n )  
o f  a g u i t a r  t o p  p l a t e  ( G .  B o l i n ,  S t o c k h o l m )  a t  r e s o n a n c e .  The 
b l a c k  l i n e s  mark p o s i t i o n s  o f  e q u a l  a m p l i t u d e  and t h e  t r i a n g l e s  
m a r k  t h e  d r i v i n g  p o i n t s ,  a t  a )  185 Hz, b )  287 Hz, c )  460 Hz, d )  
5 0 8  Hz a n d  e )  6 4 5  Hz ( J a n s s o n  1971) .  

I n  my first paper  I i n t r o d u c e d  t h e  f u n d a m e n t a l  and t h e  h i g h e r  p a r t i a l s  
o f  a v i b r a t i n g  s t r i n g .  The g u i t a r  t o p  p l a t e  a l s o  h a s  a f u n d a m e n t a l  t o n e  
a n d  h i g h e r  p a r t i a l s ,  i.e. t h e  p l a t e  h a s  n o t  o n e  b u t  s e v e r a l  r e s o n a n c e s .  
By means o f  a n  o p t i c a l  t e c h n i q u e ,  hologram i n t e r f e r o m e t r y ,  s m a l l  v i b r a -  
t i o n s  c a n  b e  made v i s i b l e  a n d  b e  p h o t o g r a p h e d ,  see F i g .  6. I n  F i g .  6 t h e  



f i r s t  f i v e  resonances o f  a  g u i t a r  t o p  p l a t e  have been photographed. These 
resonances a r e  mainly i n  t h e  f r e e  p a r t  o f  t h e  t o p  p l a t e .  The p i c t u r e s  are 
r e a d  a s  a  t y p o g r a p h i c a l  map, n o t  s h o w i n g  a l t i t u d e  o f  a  l a n d s c a p e  b u t  
v i b r a t i o n  amplitude. The f i r s t  resonance,  Fig. 6a c o n s i s t s  of  one v ib ra -  
t o r y  h i l l ,  t h e  s e c o n d ,  F ig .  6b ,  t w o  v i b r a t o r y  h i l l s  w i t h  a l i n e  o f  no  
m o t i o n  i n  b e t w e e n ,  a s o  c a l l e d  n o d a l  l i n e  ( I n  p r o f .  Meyerys i n v e s t i -  
g a t i o n s  t h e  second resonance showed t o  be of  l e s s  impor tance  and was t h u s  
e x c l u d e d  i n  h i s  number ing  o f  r e s o n a n c e s ) .  I n  F ig .  6 c  w e  have  a g a i n  t w o  
v i b r a t o r y  h i l l s  bu t  now a  nodal  l i n e  a long  t h e  br idge.  I n  t h e  f o l l o w i n g  
two p i c t u r e s ,  w e  have two s t i l l  more compl ica ted  v i b r a t i o n  pa t t e rns .  The 
d i f f e r e n t  resonances a r e  impor t an t  t o  t h e  a c o u s t i c a l  p r o p e r t i e s  o f  t h e  
g u i t a r  body i n  t h e  same way a s  t h e  d i f f e r e n t  p a r t i a l s  o f  t h e  s t r i n g  tone. 
Note t h a t  t h e  v i b r a t i o n s  a r e  mainly i n  t h e  f r e e  p a r t  and tend  t o  be s m a l l  
i n  t h e  br idge  r eg ion  except  f o r  t h e  first resonance. 

The a i r  vo lume i n  i t s e l f  c o n t a i n s  r e s o n a n c e s ,  see  F i g .  7. These  
r e s o n a n c e s  do  n o t  " b r e a t h e n  t h r o u g h  t h e  sound  h o l e ,  i.e. t h e y  do  n o t  
r a d i a t e  sound. They can,  however, be impor t an t  i n  coope ra t i on  w i t h  h ighe r  
t o p  p l a t e  r e s o n a n c e s .  The f i rs t  a i r  r e s o n a n c e  a t  370 Hz c o o p e r a t e s ,  f o r  
i n s t ance ,  w i th  t h e  t h i r d  t op  p l a t e  resonance. Thus t o  be a b l e  t o  make t h e  
op t ima l  g u i t a r  c o n s t r u c t i o n  t h e  maker has  t o  c o n t r o l  a t  l e a s t  some of  t h e  
a i r  resonances .  

Thus we a r e  now i n  a  p o s i t i o n  t o  s p e c i f y  t h e  a c o u s t i c a l  p r o p e r t i e s  of 
t h e  g u i t a r  body: 

Given t h e  r e s o n a n c e s  o f  a  g u i t a r  w e  have  a  c o m p l e t e  d e s c r i p t i o n  o f  i t s  
a c o u s t i c a l  p r o p e r t i e s .  The d e s c r i p t i o n  may be  s i m p l i f i e d  by u s i n g  t h e  
f a c t  t h a t  t h e  s t r o n g  resonances dominate t h e  p r o p e r t i e s .  Thus we can say  
t h a t  t h e  main v i b r a t i o n s  of a  g u i t a r  a r e  i n  t h e  t o p  p l a t e  below t h e  sound 
h o l e .  The u p p e r  p a r t  o f  t h e  t o p  p l a t e ,  t h e  back  p l a t e  and  t h e  s i d e s  g i v e  
weaker  r e s o n a n c e s  and  a r e  l e s s  i m p o r t a n t .  The v i b r a t i o n s  o f  t h e  l o w e r  
p a r t  of  t h e  t o p  p l a t e  t y p i c a l l y  c o n t a i n s  f i v e  resonances  a t  approximately 
200, 300, 400, 500 and 600 Hz. These resonances form one s e t  of p a r t i a l s  
o f  t h e  g u i t a r  body. I n  a d d i t i o n  t h e r e  i s  t h e  a i r  vo lume  r e s o n a n c e  a t  
approximately 100 Hz, i n  which t h e  a i rvo lume r a d i a t e s  through t h e  sound 
h o l e .  Note t h a t  t h e  r e s o n a n c e s  fo rm a t  l e a s t  a p p r o x i m a t e l y  a  h a r m o n i c  
s e r i e s  w i t h  t h e  a i r  resonance a s  t h e  fundamental.  



Fig. 7. Vibration patterns of the five lowest resonances of a guitar- 
shaped cavity at 1)  370 Hz, 2)  540 Hz, 3) 760 Hz, 4 )  980 Hz and 
5)  1000 Hz (Jansson 1977). 

At the frequency of a resonance there is amplification depending on the 
quality factor, the Q-factor of that resonance. The Q-factor is typically 
of magnitude 40 for the first resonance and increases to 80 for the 

fourth. 

The vibration patterns at a resonance give two more pieces of infor- 
mation. If the vibration amplitude around the bridge is large at a 
specific resonance, then this resonance is efficiently driven. The sound 
radiation can also be calculated from the vibration patterns. 



F o r  h i g h  f r e q u e n c i e s ,  t h e  s i n g l e  r e s o n a n c e s  s t a r t s  t o  o v e r l a p ,  i.e. t h e  
frequency s e p a r a t i o n  between t h e  resonances  is  s m a l l e r  than  t h e i r  band- 
w i d t h s  ( r e s o n a n c e  f r e q u e n c y  d i v i d e d  by t h e  Q - f a c t o r ) .  I n  t h i s  c a s e  o n e  
f i n d s ,  by comparisons w i th  formulas  developed f o r  room a c o u s t i c s ,  t h a t  
t h e  a m p l i f i c a t i o r ~  p r o p e r t i e s  a r e  de te rmined  by t h e  frequency d e n s i t y  of  
resonances ( K u t t r u f f  1979). 

How does t h e  a u i t a r  func t ion?  

A .  Cooperation between s t r i n g s  and resonances.  

L e t  u s  s t u d y  how t h e  s t r i n g s  and  t h e  g u i t a r  body c o o p e r a t e .  When a 
s t r i n g  i s  p l u c k e d  i t  s t a r t s  t o  v i b r a t e  and  t h u s  s e t s  t h e  t o p  p l a t e  i n t o  
v i b r a t i o n .  But  t h e  v i b r a t i o n s  o f  t h e  t o p  p l a t e  and  o f  t h e  t h e  b r i d g e  
g i v e s  a  r e a c t i o n  on t h e  s t r i n g  v i b r a t i o n s .  The s t r i n g  a c t i o n  on t h e  body 
and t h e  body r e a c t i o n  on t h e  s t r i n g s  a r e  fundamental  f o r  t h e  tone  produc- 

F ig .  8. The tone  product ion cha in  i n  a  more complete  form. 

String Air vibrations 
vibrations = Sound 

t i o n ,  c f  F ig .  8. The "main road"  f o r  t h e  v i b r a t i o n s  a r e  f r o m  l e f t  t o  
r i g h t ,  c f  F ig .  1. However,  w i t h o u t  i n c l u d i n g  t h e  r e a c t i o n ,  i .e . ,  t h e  
arrow po in t ing  from r i g h t  t o  t h e  l e f t ,  b a s i c  p r o p e r i e s  o f  t h e  g u i t a r  can 
n o t  be  e x p l a i n e d .  To much r e a c t i o n  c a n  g i v e  a  s o  c a l l e d  w o l f t o n e  - t o  
l i t t l e  i n d i c a t e s  t h a t  t h a t  t h e  t o p  p l a t e  i s  t o o  s t i f f .  The " e l e c t r i c  
g u i t a r n  c a n  n o t  be w t r a n s f o r m e d n  t o  g i v e  a  sound l i k e  a n  a c o u s t i c a l  
g u i t a r ,  because t h e r e  i s  a lmos t  no i n t e r r e a c t i o n  between t h e  body and t h e  
s t r i n g s .  

v STRINGS 
- 

> 
BODY 



B. Top P l a t e  Resonances. 

Let u s  t a k e  a  c l o s e r  l o o k  how t h e  r e s o n a n c e s ,  t h e  a c t i o n  o f  t h e  
s t r i n g s  and  t h e  body r e a c t i o n  c a n  e x p l a i n  t h e  f u n c t i o n  o f  t h e  g u i t a r .  
Typica l  v i b r a t i o n  p a t t e r n s  of t h e  f i v e  l o w e s t  resonances  of  a  g u i t a r  a r e  
shown i n  F ig .  6. The p a t t e r n s  a r e  p r i n c i p a l l y  t h e  same a s  t h o s e  o f  a  
v i b r a t i n g  r e c t a n g u l a r  p l a t e .  The v i b r a t i o n  p a t t e r n s  can be expla ined  by 
t h e  v i b r a t i n g  s t r i n g ,  s e e  Fig. 9. I n  i t s  first resonance t h e  s t r i n g  has  a  
v i b r a t i o n  maximum i n  t h e  middle. The r e c t a n g u l a r  p l a t e  a l s o  has  a maximum 
i n  t h e  m i d d l e ,  and s o  d o e s  t h e  g u i t a r  t o p  p l a t e  c.f .  F ig .  6a. I n  t h e  
s econd  r e s o n a n c e ,  t h e  s t r i n g  h a s  two  v i b r a t o r y  maxima s e p a r a t e d  by a  
minimum, a  s o  c a l l e d  nodal  point .  The second p l a t e  resonance a l s o  has  two 
maxima sepa ra t ed  by a  minimum, a  nodal  s o  c a l l e d  l i n e  ( c f  Fig. 6b f o r  t h e  
g u i t a r  t o p  p l a t e  resonance).  The t h i r d  s t r i n g  resonance has  t h r e e  maxima 
and two minima a s  does t h e  p l a t e  resonance t o  t h e  r i g h t  (corresponds t o  
t h e  f o u r t h  resonance of  t h e  g u i t a r  t op  Fig. 6d). 

The s t r i n g  h a s  o n l y  one  d i r e c t i o n ,  w h i l e  t h e  p l a t e  e x t e n d s  i n  two  
d i r e c t i o n s .  T h e r e f o r e  t h e  p l a t e  v i b r a t i o n s  c a n  be r e g a r d e d  a s  b e i n g  i n  
two perpendicu la r  d i r e c t i o n s  and t h e  s t r i n g  v i b r a t i o n s  i n  one d i r e c t i o n  
o n l y .  The s t r i n g  r e s o n a n c e  w i t h  two  maxima and  o n e  minimum, c a n  i n  t h e  
p l a t e  t h u s  be found i n  two d i r e c t i o n s ,  t h e  second o f  which is  ske tched  i n  
F ig .  9d ( c o r r e s p o n d s  t o  t h e  t h i r d  t o p  p l a t e  mode F ig .  6 c ,  l a b e l l e d  
second resonance i n  prof .  Meyer's second paper) .  The two d i r e c t i o n s  can 
be combined t o  g ive  f o r  i n s t ance  f o u r  maxima (two t i m e s  two) s epa ra t ed  by 
t w o  min ima  ( c f .  F ig .  6e ) .  Thus t h e  s t r i n g  p a r t i a l s  have  a s i m i l a r  b u t  
more complex coun te rpa r t  i n  t h e  t o p  p l a t e  p a r t i a l s .  

The frequency of a  s t r i n g  p a r t i a l  is  de te rmined  by 1) t h e  weight  (mass 
p e r  u n i t  l e n g t h ) ,  2 )  t h e  t e n s i o n ,  and 3)  t h e  l e n g t h  o f  t h e  s t r i n g .  The 
same a p p l i e s  t o  t h e  p l a t e  a f t e r  exchanging s t i f f n e s  f o r  t ens ion .  Thus t h e  
w e i g h t  ( t h e  mass )  o f  t h e  p l a t e ,  i t s  s t i f f n e s s ,  i t s  w i d t h  and l e n g t h  
de te rmine  t h e  resonance f r equenc i e s  of  a  g u i t a r  p l a t e .  The p l a t e  resonan- 
c e s  a r e ,  however, cons iderab ly  more complex. I n  t h e  s t r i n g  we have only  
one d i r e c t i o n .  I n  t h e  p l a t e  t h e r e  i s  a lways  a  combinat ion of two d i r e c -  
t i ons .  Furthermore t h e  p r o p e r t i e s  of  t h e  two d i r e c t i o n s  a r e  no t  t h e  same, 
t h e  wood i s  much s t i f f e r  t o  bend a c r o s s  t h a n  a l o n g  i t s  g r a i n s .  I n  a d d i -  
t i o n  t h e  w i d t h  and t h e  l e n g t h  v a r y  c o n t i n o u s l y .  F i n a l l y  t h e  b r i d g e  and 
t h e  brac ing  makes t h e  e f f e c t i v e  s t i f f n e s s  vary  from p o i n t  t o  po in t .  I n  my 
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Fig. 9. A comparison of string resonances and resonances of a rec- 
tangular plate: a) the first plate resonance, b) the second 
plate resonance, c) the third plate resonance, d) the fourth 
plate resonance, and e) the fifth plate resonance. 



.g. 10. Examples of  i n i t i a l  d i sp lacements  of a  g u i t a r  t op  p l a t e ,  f o r  a )  
a  f o r c e  o f  .98 N a p p l i e d  t o  t h e  s i x t h  s t r i n g  a t  t h e  b r i d g e  i n  
p a r a l l e l  w i t h  t h e  b r i d g e ,  b )  .49 N t o  t h e  f i r s t  s t r i n g  pe rpen -  
d i c u l a r  t o  t h e  p l a t e ,  c )  1.96 N a p p l i e d  t o  t h e  f i r s t  s t r i n g  i n  
t h e  d i r e c t i o n  o f  and  t o  t h e  f i r s t  s t r i n g ,  and d )  a  t o r s i o n  
moment f rom a  one  r e v o l u t i o n  a t  t h e  m i d d l e  o f  t h e  t h i r d  open 
s t r i n g  ( Jansson  1973). 



exper ience  moderate changes of  t h e  brac ing  system g ive  s m a l l e r  changes i n  
t h e  v i b r a t i o n  p a t t e r n  than  i n  t h e  resonance f requenc ies .  F a i r l y  subs t an -  
t i a l  changes a r e  necessary  t o  change t h e  v i b r a t i o n  p a t t e r n s .  

C. P l a t e  P a r t i a l s  and Plucking Forces  

The s i m i l a r i t i e s  be tween  s t r i n g  and p l a t e  p a r t i a l s  c a n  be  u s e d  t o  
e x p l a i n  f u n d a m e n t a l s  o f  t h e  s t r i n g  a c t i o n  on t h e  g u i t a r  body. When a  
s t r i n g  is  plucked, i t  is  i n i t i a l l y  p u l l e d  o u t  of  equ i l i b r ium.  The pul-  
l i n g  g i v e s  r i s e  t o  t h r e e  p u l l i n g  f o r c e s ,  one i n  p a r a l l e l  w i t h  t h e  b r idge ,  
one perpendicu la r  t o  t h e  t o p  p l a t e ,  and one i n  p a r a l l e l  w i t h  (a long  w i t h )  
t h e  s t r i n g .  

The f o r c e  perpendicu la r  t o  t h e  t o p  p l a t e  p u l l s  o u t  ( o r  pushes i n )  t h e  
m i d d l e  o f  t h e  t o p  p l a t e ,  c f  F ig .  l ob .  I n  a c c o r d a n c e  w i t h  t h e  s t r i n g  
p l u c k i n g  t h i s  " p l a t e  p l u c k i n g "  g i v e s  much o f  t h e  r e s o n a n c e s  w i t h  l a r g e  
v i b r a t i o n s  a t  t h e  p o s i t i o n  o f  t h e  a p p l i e d  s t r i n g  f o r c e ,  i.e. a t  t h e  
b r i d g e .  The f i r s t  t o p  p l a t e  mode, F i g .  6 a ,  h a s  maximum v i b r a t i o n  i n  t h e  
b r i d g e  r e g i o n .  A c o m p a r i s o n  b e t w e e n  F ig .  6a  and  F ig .  l o b  shows  t h a t  t h e  
two v i b r a t i o n  p a t t e r n s  a r e  very s i m i l a r ,  i.e. p lucking  a s t r i n g  towards  
o r  away from t h e  p l a t e  g i v e s  much o f  t h e  fundamental  p l a t e  mode. A more 
c a r e f u l  a n a l y s i s  shows t h a t  t h e  second t o p  p l a t e  resonance is a l s o  i n i -  
t i a t e d .  This  i s  i n  agreement w i t h  t h e  d i s c u s s i o n  of  s t r i n g  plucking,  c.f. 
F ig .  5 o f  my p r e v i o u s  pape r .  The p l u c k i n g  f o r c e  f r o m  t h e  s t r i n g  i s  
a p p l i e d  a t  t h e  maximum o f  t h e  f i r s t  r e s o n a n c e  and  somewha t  b e s i d e  t h e  
nodal  l i n e  of  t h e  second resonance. 

The s t r i n g  f o r c e  p u l l i n g  i n  p a r a l l e l  w'ith t h e  b r idge  p u l l s  one h a l f  of  
t h e  p l a t e  o u t w a r d s  and p u s h e s  t h e  o t h e r  one  i n w a r d s ,  see  F ig .  10a. T h i s  
d e f o r m a t i o n  o f  t h e  t o p  p l a t e  i s  e n f o r c e d  by a  r o t a t i o n  a l o n g  t h e  t h e  
n o d a l  l i n e  o f  t h e  s econd  r e s o n a n c e .  The h e i g h t  o f  t h e  b r i d g e  a c t s  as a  
l e v e r .  The ( i n c r e a s e d )  p u l l i n g  f o r c e  a l o n g  t h e  s t r i n g  g i v e s  t h e  d e f o r -  
m a t i o n  o f  F ig .  10 c ,  i.e. o n l y  a  m i n o r  o n e  and m a i n l y  t h e  r e s o n a n c e  o f  
F ig .  6c. 

A t  t h e  r e l e a s e  o f  t h e  p l u c k i n g  f o r c e ,  t h e  r e s o n a n c e s ,  i .e .  t h e  t o p -  
p l a t e - p a r t i a l s ,  a r e  s e t  i n t o  v i b r a t i o n  a s  t h e  p l a t e  r e t u r n s  t o  i t s  



r e s t i n g  post ion.  The r e l a t i o n  between t h e  plucking f o r c e  components and 
t h e  r e s u l t i n g  t o p - p l a t e - p a r t i a l s ,  we have a l r e a d y  e s t i m a t e d  from Fig. 10. 

The f o r c e  component  p e r p e n d i c u l a r  t o  t h e  t o p  p l a t e  p r o d u c e s  t h e  domi-  
n a t i n g  d e f o r m a t i o n s .  F u r t h e r m o r e  we c a n  s e e  t h a t  t h e  f i r s t  t o p  p l a t e  
resonance,  p a r t i a l ,  is s t r o n g l y  exc i ted .  This  means t h a t  t h e  "Helmhol t z ,  
a i r  modett a l s o  is  s t r o n g l y  dr iven.  Higher p l a t e  p a r t i a l s  a r e  e x c i t e d  too. 
The d u r a t i o n  of  t h e  p l a t e  p a r t i a l s  is  s h o r t  compared t o  t h e  d u r a t i o n  o f  
t h e  s t r i n g  p a r t i a l s .  However, t hey  p lay  an  impor t an t  r o l e  i n  t h e  a t t a c k  
p o r t i o n ,  i.e. t h e  very  i n i t i a l  p o r t i o n  o f  t h e  tone ,  a s  demonstrated i n  my 
prev ious  paper ,  sound example 3. 

Summarizing w e  have shown t h e  fo l lowing .  The p lucking  of  t h e  s t r i n g  

g i v e s  a n  i n i t i a l  d e f o r m a t i o n  o f  t h e  t o p  p l a t e .  T h i s  d e f o r m a t i o n  c o r r e -  
sponds t o  a combination of  t h e  resonances of  t h e  t o p  p l a t e .  The r e s t o r i n g  
o f  t h e  i n t i a l  deformat ion  g i v e s  t h e  weak bu t  impor t an t  i n i t i a l  body sound 
of  t h e  g u i t a r  tone. 

m 

D. Top P l a t e  Resonances and S t r i n g  Vib ra t i on  Forces 

The s t r i n g  v i b r a t i o n s  s u c c e e d i n g  t h e  i n i t i a l  p l u c k  d r i v e s  t h e  t o p  
p l a t e  i n  t h e  same way a s  t h e  i n i t i a l  p l u c k i n g  f o r c e .  The s t r i n g  v i b r a -  
t i o n s  perpendicu la r  t o  t h e  t o p  p l a t e  d r i v e  most e f f i c i e n t l y ,  and a s  t h e  
v i b r a t i o n  p a t t e r n  of  t h e  f i r s t  resonance has  i t s  v i b r a t i o n  maximum a t  t h e  
b r idge ,  t h i s  resonance is  most e f f i c i e n t l y  dr iven.  Thereby t h e  Helmholtz9 
a i r  resonance is a l s o  dr iven.  The v i b r a t i o n  p a t t e r n s  of  t h e  h igher  reso-  
nances a r e  d r iven  v i a  s m a l l  v i b r a t i o n s  a t  t h e  br idge  o r  wi th  t h e  he igh t  
o f  t h e  b r i d g e  a c t i n g  a s  a  l e v e r .  The v i b r a t i o n  p a t t e r n s  o f  F ig .  6 g i v e  a  
measure o f  t h e  w i l l i n g n e s s  of  t h e  p l a t e  t o  t a k e  up s t r i n g  v ib ra t i ons .  

The w i l l i n g n e s s  of  t h e  body t o  t a k e  up t h e  v i b r a t i o n s  can be measured 
i n  ano the r '  way. A v i b r a t o r  i s  a t t a c h e d  t o  t h e  b r i d g e  and t h e  r e s u l t i n g  
v i b r a t i o n s  of  t h e  b r idge  a r e  measured. Thereby t h e  w i l l i ngnes s  t o  t a k e  up 
v i b r a t i o n s  can  be  measured  f o r  a l l  f r e q u e n c i e s .  The r e s u l t  o f  s u c h  
m e a s u r e m e n t s  a r e  shown i n  F i g .  1 1 ,  whe re  t h e  l e v e l  o f  t l v i b r a t i o n  
wi l l i ngnes sn  is  read a long  t h e  v e r t i c a l  a x i s .  



The d r i v i n g  e f f i c i e n c y  f o r  each resonance,  as d i s c u s s e d  i n  connec t ion  
wi th  Fig. 10, does no t  vary  w i th  frequency,  which may seem c o n t r a d i c t o r y  

110 2 20 l+ 40 
FREQUENCY, (Hz 1 

Fig.  1 1 .  F requency  r e s p o n s e  i n  f o r m  o f  i n p u t  a d m i t t a n c e  o f  t h e  h i g h  
q u a l i t y  g u i t a r  ( v i b r a t i o n  wi l l i t i gnes s ,  i.e t h e  v e l o c i t y  of  t h e  
br idge  between t h e  5 t h  and 6 t h  s t r i n g s  pe rpend icu l a r  t o  t h e  t o p  
p l a t e  r e s u l t i n g  f rom a d r i v i n g  f o r c e  o f  c o n s t a n t  m a g n i t u d e  i n  
t h e  same p o s i t i o n  and d i r e c t i o n ) .  

l l I I 1 

110 220 640 
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Fig .  12. F requency  r e s p o n s e  ( sound p r e s s u r e  f r o m  one  a  l o c a t i o n  i n  a n  
a n e c h o i c  chamber  r e s u l t i n g  f rom a  d r i v i n g  f o r c e  o f  c o n s t a n t  
m a g n i t u d e )  o f  a  h i g h  q u a l i t y  g u i t a r  ( C a l d e r s m i t h  and J a n s s o n  
1980). 



t o  t h e  wide ly  vary ing  l e v e l  measured i n  Fig. 11. However, t h e  v i b r a t i o n s  
o f  e a c h  r e s o n a n c e  v a r y  w i t h  f r e q u e n c y  even  i f  t h e  s i z e  o f  t h e  d r i v i n g  
f o r c e  is kep t  constant .  Thus t h e  w i l l i n g n e s s  t o  t a k e  up s t r i n g  v i b r a t i o n s  
change w i t h  frequency and r e s u l t s  i n  t h e  jagged curve  o f  Fig. 11. 

The p e a k s  i n  F ig .  11 c o r r e s p o n d  t o  r e sonan ' ce  f r e q u e n c i e s ,  i .e. ,  t h e  
frequency o f  maximum v i b r a t i o n  of  t h a t  resonance. The l o w e s t  peak co r r e -  
sponds t o  a bending motion of  t h e  complete g u i t a r  and t h e  110 Hz peak is 
t h e  resonance frequency o f  t h e  Helmholtz,  a i r  mode. The peaks a t  approx. 
220 ,  300 and  440 Hz c o r r e s p o n d  t o  t h e  r e s o n a n c e s  o f  F ig .  6 a ,  b  a n d  c. The 
maxima, t h e  peak l e v e l s  o f  v i b r a t i o n  a r e  determined by t h e  i n t e r n a l  f r i c -  
t i o n ,  l ow  f r i c t i o n  g i v e s  n a r r o w  and  h i g h  p e a k s ,  h i g h  f r i c t i o n  p r o d u c e s  
low and wide peaks. 

Thus we have in t roduced  t h e  two measures,  t h e  e f f i c i e n c y  o f  d r i v i n g  as 
func t ion  o f  p o s i t i o n ,  and t h e  resonance a m p l i f i c a t i o n  of  t h i s  d r i v i n g  a s  
f u n c t i o n  o f  f r e q u e n c y .  Both o f  t h e s e  m e a s u r e s  a re  i n c l u d e d  i n  t h e  peak  
l e v e l s  of Fig. 11. A complete  s p e c i f i c a t i o n  of  a g u i t a r  t o p  p l a t e  can be 
made by F ig .  6 ,  t h e  v i b r a t i o n  p a t t e r n s  of e a c h  r e s o n a n c e ,  and  F i g .  1 1 ,  

t h e  resonance f r equenc i e s  and resonance peak wid ths  and l e v e l s .  

Fo r  h i g h  f r e q u e n c i e s  above  2  kHz, t h e  r e s o n a n c e s  a r e  as m e n t i o n e d  
p r e v i o u s l y  s o  c l o s e  i n  f r e q u e n c y  t h a t  i t  i s  no l o n g e r  t h e  s i n g l e  r e s o -  
n a n c e s  b u t  t h e  d e n s i t y  o f  t h e  r e s o n a n c e s  and  t h e i r  i n t e r n a l  f r i c t i o n ,  
t h a t  de te rmines  t h e  p r o p e r t i e s  of  t h e  body. 

E. Resonances and Radiated Sound 

I n  p r i n c i p l e  t h e  p r o p e r t i e s  o f  t h e  g u i t a r  c a n  a l s o  b e  measu red  i n  
a n o t h e r  way. I n s t e a d  o f  m e a s u r i n g  t h e  v i b r a t i o n  w i l l i n g n e s s  a t  t h e  
d r i v i n g  p o i n t ,  t h e  r a d i a t e d  sound can be measured by a  microphone set a t  
a  d i s t a n c e  away f rom t h e  g u i t a r .  R e s u l t s  o f  s u c h  m e a s u r e m e n t s  f o r  t h e  
same g u i t a r  i s  shown i n  F ig .  12. The d a t a  were  o b t a i n e d  i n  a n  a n e c h o i c  
chamber  t o  a v o i d  t h e  room i n f l u e n c e .  A c o m p a r i s o n  b e t w e e n  F i g .  1 1  and  
F ig .  12 shows t h a t  t h e  f r e q u e n c y  o f  t h e  l o w e s t  f i v e  p e a k s  a r e  t h e  same 



and t h a t  a t  l e a s t  s i m i l a r i t i e s  can be t r a c e d  f o r  h ighe r  f r equenc i e s .  Thus 
t h e  r e s o n a n c e s  g i v e  s i m i l a r  " r e s o n a n c e  a m p l i f i c a t i o n n  i n  b o t h  t h e  
l lvibration wil l ingnessIf  t h e  t h e  " r ad i a t ed  soundv1 p r o p e r t i e s .  

Q u a l i t a t i v e l y  we can now s t a t e  t h a t  t h e  g u i t a r  body g i v e s  much ampli-  
f i c a t i o n ,  a t  some f r equenc i e s  bu t  l i t t l e  i n  between. This  means t h a t  two 
a d j a c e n t  t o n e s ,  f o r  i n s t a n c e  t o n e s  A a n d  B ,  would n o t  o n l y  h a v e  
d i f f e r e n t  f r e q u e n c i e s  ( p i t c h e s ) ,  t h e i r  s p e c t r a l  p r o p e r t i e s  a r e  a l s o  
d i f f e r en t .  The f r equenc i e s  w i th  much a m p l i f i c a t i o n  a r e  g iven  by t h e  reso-  
nances of t h e  g u i t a r  body. 

The s i m i l a r  r e s u l t s  o f  F i g s  11 and  12 means t h a t  t h e  two  ways o f  
measuring can be used interchangeably.  The first method is, however, by 
f a r  t h e  mos t  e a s y  t o  a p p l y  and  g i v e s  m e a n i n g f u l  and  i n t e r p r e t a b l e  
r e s u l t s .  A method t o  m e a s u r e  t h e  r a d i a t i o n  p r o p e r t i e s  i n  a  way more 
relevant f o r  t h e  room is  presen ted  i n  t h e  first paper by prof.  Meyer. 

F. Tonal P r o p e r t i e s  and t h e  Gu i t a r  Body Reac t ions  

As previously s t a t e d  t h e  g u i t a r  tone  is composed of  s t r i n g  p a r t i a l s .  
These p a r t i a l s  s t a r t  o u t  s t r o n g  and d e c r e a s e  a t  d i f f e r e n t  r a t e s .  I n  
p re sen t ed  e x p e r i m e n t s  t h e  r e l a t i o n s  b e t w e e n  t o n a l  p r o p e r t i e s  and body 
p r o p e r t i e s  were s o u g h t  ( C a l d e r s m i t h  and Jansson 1980). The exper iments  
proved t h a t  t h e  i n f l u e n c e  o f  t h e  g u i t a r  body i s  by f a r  l a r g e r  t h a n  t h a t  
o f  t he  s t r i n g s .  F u r t h e r m o r e  e v e n  w i t h  " c o n s t a n t "  p l u c k i n g  t h e  t o n a l  
v a r i a t i o n s  a r e  c o n s i d e r a b l e .  I t  was proved  t h a t  t h e  r e a c t i o n  o f  t h e  
gu i t a r  body on t h e  s t r i n g s  a r e  impor tan t .  

The frequency response ,  Fig. 12,  was measured wi th  t h e  microphone i n  
approximately same p o s i t i o n  i n  r e l a t i o n  t o  t h e  g u i t a r  a s  was used f o r  t h e  
tone recordings i n  ou r  exper iments  ( t h e  d r i v i n e  f o r c e  was app l i ed  perpen- 
dicular  t o  t h e  t o p  p l a t e ,  t h u s  r e p r e s e n t i n g  t h e  most e f f i c i e n t  component 
o f  the  d r i v i n g  f o r c e ) .  Thus we c a n  compare  t o n a l  p r o p e r t i e s  w i t h  t h e  
frequency response. The frequency response,  o f  Fig. 12, w i th  t h e  va r i a -  
t i o n s  i n  i n i t i a l  l e v e l s  o f  p a r t i a l s  added ,  F ig .  9  o f  my p r e v i o u s  p a p e r  
a r e  presented i n  Fig.  13. This  shows t h a t  t h e  t h e  i n i t i a l  l e v e l s  fo l l ow  
the  frequency response  curve except  f o r  an  over -es t imat ion  of  t h e  peaks. 
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In t roduc t ion  

There is  a lways  a  c e r t a i n  amount o f  s u b j e c t i v e  e v a l u a t i o n  i n h e r e n t  i n  
t h e  d i s c u s s i o n s  on t h e  q u a l i t y  o f  mus ica l  i n s t rumen t s .  To develop objec-  
t i v e ,  m e a s u r a b l e  c r i t e r i a  f o r  t h e  q u a l i t y  o f  m u s i c a l  i n s $ r u m e n t s ,  a n  
a t t e m p t  must be made t o  record  s t a t i s t i c a l l y  t h e  s u b j e c t i v e  judgements o f  
a  l a r g e  number o f  l i s t e n e r s .  L i s t e n i n g  t e s t s ,  w i t h  a p rog ram d o i n g  
j u s t i c e  t o  t h e  d i f f e r e n t  t o n a l  r a n g e s  o f  t h e  g u i t a r  a s  w e l l  as making  
a l l o w a n c e  f o r  t h e  f a t i g u e  of  t h e  l i s t e n e r ,  a r e  b e s t  s u i t e d  f o r  t h i s  
purpose. 

It i s  v e r y  d i f f i c u l t  t o  convey  t h e  same a c o u s t i c  s i g n a l  o f  a  s o l o  
g u i t a r  performance t o  a l a r g e  number o f  l i s t e n e r s  i n  one room. It is a l s o  
d i f f i c u l t  t o  p r e s e n t  s e v e r a l  i n g t r u m e n t s  i n  r a p i d  s u c c e s s i o n  w i t h o u t  
i n t roduc ing  e x t r a  u n c e r t a i n t i e s  such a s  d i f f e r e n c e s  i n  p l ay ing  and v i s u a l  
i d e n t i f i c a t i o n s  of i n s t rumen t s .  Therefore ,  t h e  use o f  a n  e l e c t r o a c o u s t i c  
t r ansmis s ion  system is unquest ionably p r e f e r a b l e  t o  a  l i v e  performance. 
Us ing  a  t a p e  r e c o r d i n g  h a s  t h e  p a r t i c u l a r  a d v a n t a g e  t h a t  e a c h  p i e c e  o f  
musio needs t o  be played only  once on each i n s t r u m e n t ,  and a f t e r w a r d s ,  a s  
many cop ie s  a s  a r e  r equ i r ed  can be made f o r  purposes  of  comparison. The 
p l aye r  can a d j u s t  h imse l f  t o  t h e  i n s t r u m e n t  be fo re  eve ry  r eco rd ing  and 
dogs no t  have t o  change in s t rumen t s  c o n s t a n t l y  a s  i n  a  l i v e  performance. 
I n  a d d i t i o n  t a p e  r e c o r d i n g s  a l s o  o f f e r  t h e  a d v a n t a g e  t h a t  e x a c t l y  t h e  
same sound e x a m p l e s  c a n  be p.layed r e p e a t e d l y  t o  s e v e r a l  g r o u p s  o f  l i s -  
t e n e r s .  



Recording method 

Among a l l  t h e  r eco rd ing  methods used nowadays, t h a t  o f  head- re la ted  
s t e r eophon ic s  appears  t o  be b e s t  s u i t e d  t o  l i s t e n i n g  tests o f  t h i s  kind. 
It was o r i g i n a l l y  developed f o r  room-acoustic l i s t e n i n g  t e s t s ,  and has  
p roved  t o  be  o f  v a l u e  f o r  t h e s e  r e q u i r e m e n t s  ( 1 ) .  A t  p r e s e n t  i t  o f f e r s  
t h e  b e s t  p o s s i b l e  r e p r e s e n t a t i o n  o f  a  n a t u r a l  a c o u s t i c  pe r spec t ive .  It 
conveys t h e  impress ion  o f  s p a t i a l  development o f  sound t o  t h e  l i s t e n e r s ,  
even a t  a s m a l l  d i s t a n c e  from t h e  sound source.  

For reproduct ion  o f  t h e  g u i t a r  sound as o b j e c t i v e l y  as p o s s i b l e ,  t n e  
" a r t i f i c i a l  head techniqueff o f f e r s  a  p a r t i c u l a r  a d v a n t a g e .  N e i t h e r  t h e  
r e c o r d i n g  n o r  t h e  r e p r o d u c t i o n  i n v o l v e s  a n y  r e t o u c h i n g  a s  a r e s u l t  o f  
t h e  a c o u s t i c  p r o p e r t i e s  o f  t h e  room. Thus t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of  
t h e  sound a r e  replayed unchanged. 

Tape r e c o r d i n g s  made w i t h  a n  dummy head u s u a l l y  h a v e  t o  be  p l a y e d  
t h r o u g h  headphones  s o  t h a t  e a c h  e a r  r e c e i v e s  o n l y  t h e  s i g n a l  f rom t h e  
c o r r e s p o n d i n g  f t e a r - m i c ~ o p h o n e l f .  R e p r o d u c t i o n  t h r o u g h  headphones  h a s  
s t i l l  ano the r  advantage ia l i s t e n i n g  t e s t s .  I d e n t i c a l  s i g n a l s  a r e  presen- 
t ed  t o  a l l  tes t  s u b j e c t s ,  

For t h e  g u i t a r  r eco rd ings ,  t h e  dummy head was s e t  up i n  a  medium-sized 
s t u d i o  a t  a  d i s t a n c e  of  2 m from t h e  i n s t rumen t ,  its h e i g h t  corresponding 
t o  t h a t  of  a  s ea t ed  l i s t e n e r .  O r i e n t a t i o n  problems a r i s e  i n  r eco rd ings  
w i t h  t h e  dummy head i f  t h e  sound s o u r c e  i s  d i r e c t l y  i n  t h e  l i n e  o f  
v i s i o n .  T h e r e f o r e ,  t h e  head  was a d j u s t e d  s o  t h a t  t h e  g u i t a r  was  p o s i -  
t ioned  about  30' away from t h e  l i n e  o f  v i s ion .  A l l  r e co rd ings  were made 
a t  t h e  same a m p l i f i c a t i o n  s e t t i n g .  I n  t h e  r ep roduc t ion ,  great c a r e  was 
taken t o  reproduce t h e  o r i g i n a l  volume, s o  t h a t  any d i f f e r e n c e s  i n  volume 
among t h e  i n d i v i d u a l  i n s t r u m e n t s  remained unchanged. 

Music f o r  l i s t e n i n g  t e s t s  

For t h e  t o n a l  comparison of  t h e  g u i t a r s ,  e x c e r p t s  were s e l e c t e d  from 
s i x  ~ o m p o s ~ i t i o n s  which  c l e a r l y  d i f f e r e d  w i t h  r e g a r d  t o  t o n a l  r a n g e ,  
t empo,  and c o m p o s i t i o n  t e c h n i q u e .  The d u r a t i o n  o f  t h e  e x c e r p t s  was 



l i m i t e d  t o  20-25 seconds each. Experience has  shown t h a t  t h i s  amount o f  
t i m e  is s u f f i c i e n t  t o  impress  a  d e f i n i t e  sound p a t t e r n  upon t h e  memory, 
bu t  i t  is  no t  s o  l ong  t h a t  t h e  first item i n  t h e  comparison o f  p a i r s ,  is 
f o r g o t t e n  (2) .  

The s i x  t e s t  p i e c e s  a r e  shown i n  F ig .  1. The f i r s t  p i e c e  i s  a  s a r a -  
bande  i n  a  s l o w  tempo;  t h e  m e l o d i c  l i n e  i s  i n  t h e  u p p e r  p a r t ,  i t  is  
accompanied i n  chords.  The o v e r a l l  impress ion  o f  t h i s  p i e c e  is chordal .  
I n  c o n t r a s t  w i t h  t h i s ,  t h e  c h a r a c t e r  o f  t h e  s e c o n d  p i e c e  i s  marked  by a  
r a p i d  series of  semiquavers  wi th  t h e  c e n t e r  of  t ones  a t  A 3  (220 Hz). The 
melody l i e s  be low t h e  accompany ing  f i g u r e s .  A t  t h e  e n d ,  t h e r e  i s  a 
d a n g e r  t h a t  t h e  t w o  l o w e r  open  s t r i n g s  d o m i n a t e  o v e r  t h e  h i g h  o n e s  t o o  
much. I n  t h e  t h i r d  p i e c e ,  w i t h  i t s  g e n t l e  s e r i e s  o f  q u a v e r s ,  t h e  t o n a l  
r a n g e  i s  p a r t i c u l a r l y  w ide  and  t h e  h i g h e s t  n o t e s  o f  t h e  m e l o d i c  l i n e  
reach  a  very  h igh  p i t ch .  The melody is more s t r o n g l y  pronounced than  i n  
t h e  f i r s t  example  and i s  i n  some p a r t s  accompan ied  by p a r a l l e l  t h i r d s .  
This  makes g r e a t  demands upon t h e  t un ing  of  t h e  i n s t r u m e n t  and,  i n  par-  
t i c u l a r ,  upon t h e  e x a c t  p o s i t i o n  o f  t h e  frets. 

The t e s t  p i eces  4 t o  6  i nc lude  monophonic passages.  P i ece  No. 4 moves 
i n  t h e  low and middle  r e g i s t e r  w i t h  a  t o n a l  range of  b a r e l y  two o c t a v e s  
and r e q u i r e s  a  good t imbre  ba lance  between t h e s e  two ranges.  Despi te  t h e  
andante  tempo, t h e  descent  i n  t h e  5 t h  and 6 t h  measure r e q u i r e s  t h e  n o t e s  
t o  be c l e a r l y  separa ted .  

The f i f t h  p i ece  p r e s e n t s  t h e  oppor tun i ty  t o  compare s i m i l a r  f i g u r e s  on 
v a r i o u s  s t r i n g s ;  i t  r e q u i r e s ,  above  a l l ,  a  b a l a n c e d  sound  e f f e c t  i n  t h e  
middle  r e g i s t e r ,  s i n c e  t h e  few deep n o t e s  have s c a r c e l y  any e f f e c t  on t h e  
o v e r a l l  i m p r e s s i o n .  Here, t o o ,  t h e  f a i r l y  f a g t  t empo  demands  a c l e a r  
s e p a r a t i o n  o f  t h e  n o t e s  w i t h i n  t h e  l e g a t o  f i g u r e s .  The 6 t h  p i e c e  con-  
s ists o f  ca lm  q u a v e r  f i g u r e s  t o  be  p l a y e d  e x c l u s i v e l y  on t h e  h i g h e s t  
s t r i n g .  The c a r r y i n g  o f  t h e  n o t e s  i n  t h e  upper r e g i s t e r  is d e c i s i v e  f o r  
t h e  impress ion  of  t h i s  piece.  

Test procedure 

The test  t a p e s  assembled f o r  t h e  performance can be grouped i n t o  two 
p a r t s ,  t h e  f i rs t  o f  which  c o n t a i n s  p o l y p h o n i c  p i e c e s ,  and  t h e  s e c o n d  



Fig. 1. Polyphonic and monophonic t e s t  p ieces .  
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con ta in ing  monophonic pieces .  Each p a r t  lasts about  twen ty  minutes ,  s o  
as n o t  t o  p u t  t o o  g r e a t  a  s t r a i n  on t h e  l i s t e n e r ' s  c o n c e n t r a t i o n .  F o r  
t h e  l i s t e n i n g  comparison, t h e  examples a r e  combined i n  p a i r s  and sepa-  
r a t e d  by a  p a u s e  o f  a b o u t  o n e  s econd .  A p a i r  o f  s u c h  e x a m p l e s  f o r  
comparison c o n s i s t s  b a s i c a l l y  o f  two r eco rd ings  o f  t h e  same p i e c e  played 
on d i f f e r e n t  i n s t rumen t s .  Each p a i r  is sepa ra t ed  by an i n t e r v a l  o f  abou t  
f i v e  s e c o n d s .  Two o r  t h r e e  p a i r s  o f  o n e  and  t h e  same p i e c e  are  p l a y e d  
one a f t e r  t h e  o t h e r ,  fo l lowed by a group of  r eco rd ings  o f  ano the r  piece.  
When t h e  t e s t  t a p e s  a re  a r r a n g e d  i n  s u c h  a  way, t h e  l i s t e n e r  i s  l e s s  
f a t i g u e d  t h a n  i f  a l l  p o s s i b l e  p a i r s  o f  a p i e c e  o f  m u s i c  a re  p l a y e d  o n e  
a f t e r  t h e  o t h e r .  I n  p u t t i n g  t h e  t e s t  t a p e s  t o g e t h e r ,  i t  was a v o i d e d  
p lay ing  t h e  same record ing  (i.e., t h e  same p iece  and t h e  same ins t rumen t )  
t w i c e  i n  success ion .  

It i s  known f r o m  r o o m - a c o u s t i c  l i s t e n i n g  t e s t s  t h a t  t h e  a d d i t i o n a l  
i n fo rma t ion  gained from p a r t i c u l a r  ques t i ons  is  r e l a t i v e l y  i n s i g n i f i c a n t  
compared w i t h  t h a t  from a  s imp le  d e c i s i o n  of  p r e f e r ence  ( 3 ,  4). Q u e s t i o n s  
about  i n d i v i d u a l  a t t r i b u t e s  were l i k e w i s e  dispensed w i t h  i n  t h e  judgments 
of  sound q u a l i t y .  Therefore ,  t e s t  s u b j e c t s  were on ly  r e q u i r e d  t o  answer 
t h e  q u e s t i o n :  " O f  t h e  e x a m p l e s  o f  p a i r s  o f  i n s t r u m e n t s  d e m o n s t r a t e d ,  
which in s t rumen t  do you p r e f e r  w i t h  regard  t o  tone?" 

More t h a n  40 p e r s o n s  t o o k  p a r t  a s  s u b j e c t s  i n  t h e  l i s t e n i n g  t e s t s .  
The t e s t  m a t e r i a l  c o n s i s t e d  o f  15 g u i t a r s  o f  v a r i o u s  m a k e r s  and q u a l i -  
t i e s .  They a r e  r e f e r r e d  t o  by t h e  l e t t e r s  A t o  P i n  t h e  f o l l o w i n g .  The 
r e s u l t s  of  t h e  l i s t e n i n g  t e s t s  were eva lua t ed  s t a t i s t i c a l l y  and, t o  begin  
w i th ,  were c a l c u l a t e d  s e p a r a t e l y  f o r  each tes t  p iece .  There were cons i -  
d e r a b l e  d i f f e r e n c e s  i n  t h e  a p p r a i s i n g  o f  one  g u i t a r  p l a y i n g  d i f f e r e n t  
pieces .  This  w i l l  be d i scussed  l a t e r .  Na tu ra l l y ,  t h e  q u e s t i o n  now a r i s e s  
a s  t o  which in s t rumen t ,  a l l  i n  a l l ,  could be c a l l e d  t h e  bes t .  To answer 
t h i s ,  we can first t a k e  t h e  a r i t h m e t i c a l  mean o f  t h e  r e s u l t s  f o r  each o f  
t h e  t h r e e  monophonic p i eces  and t h e  t h r e e  polyphonic p i eces .  The r e s u l t  
does no t ,  of  course ,  t e l l  u s  whether a  g u i t a r  r a t e s  f a i r l y  evenly i n  t h e  
i n d i v i d u a l  p i e c e s ,  o r  if t h e  mean v a l u e  i n  q u e s t i o n  a r i s e s  as a  r e s u l t ,  
f o r  example ,  o f  t h e  v e r y  u n f a v o r a b l e  e v a l u a t i o n  o f  o n e  p i e c e  b e i n g  
balanced by a  cons ide rab ly  h igher  r a t i n g  o f  t n e  o t h e r  two pieces .  



Lis t en ing  r e s u l t s  

A .  Polyphonic-monophonic music 

Mean v a l u e s  f o r  t h e  e v a l u a t i o n  o f  t h e  polyphonic and monophonic p i eces  
a s  well a s  t h e  mean va lue  f o r  a l l  s i x  p i e c e s  are shown i n  Fig. 2. I n  t h e  
t h r e e  d i a g r a m s  t h e  g u i t a r  judged  t o  be t h e  b e s t  i s  e q u a t e d  w i t h  1. To 
c l a r i f y  t h e  d i f f e r e n c e s  i n  rank o r d e r  o f  t h e  i n d i v i d u a l  g u i t a r s  between 
t h e  t h r e e  d i a g r a m s ,  t h e  p o s i t i o n  o f  e a c h  i n s t r u m e n t  i s  i n d i c a t e d  by 
arrows. Comparing first t h e  two upper diagrams,  it i s  n o t i c e a b l e  t h a t  
t h r e e  groups o f  i n s t rumen t s  a r e  formed, each c o n s i s t i n g  o f  f i v e  g u i t a r s .  
I n  both diagrams,  t h e s e  groupings i n  each c a s e  occupy t h e  upper ,  middle ,  
and l o w e r  t h i r d  o f  t h e  d i a g r a m s .  Fo r  t h e  i n d i v i d u a l  p i e c e s ,  t h e  r a n k  
o r d e r  f o r  a  g iven  g u i t a r  d i f f e r s  more than  t e n  p o s i t i o n s  i n  some cases .  
Between t h e  groups o f  t e s t  p i e c e s  t h e  rank o r d e r  d i f f e r s  f o u r  p o i n t s  a t  
t h e  mos t .  I n t e r e s t i n g l y  enough,  o n l y  o n e  i n s t r u m e n t  ( D )  o c c u p i e s  t h e  
same p o s i t i o n  f o r  t h e  monophonic p ieces  a s  f o r  t h e  polyphonic p ieces .  I n  
t h e  monophonic p i eces ,  n i n e  g u i t a r s  a r e  more f avo rab ly  eva lua t ed  (by only  
one p o s i t i o n  i n  t h e  m a j o r i t y  o f  ca se s ) ,  whereas f i v e  i n s t r u m e n t s  a r e  less 
f a v o r a b l y  e v a l u a t e d  u s u a l l y  by two  o r  more p o s i t i o n s .  T h i s  d i f f e r e n c e  
i n d i c a t e s  t h a t  t h e  i n d i v i d u a l  r e g i s t e r s  are indeed sonorous i n  t h e  first 
group, bu t  t h a t  t h e  balance i s  n o t  s o  good, whereas t h e  p re fe r ence  g iven  
t o  t h e  second group is due t o  t h e  o v e r a l l  sound. 

The l o w e r  d i a g r a m  i n  F ig .  2 shows  t h e  f i n a l  o r d e r  o f  p r e f e r e n c e  f o r  
a l l  t h e  t e s t  p i e c e s .  He re ,  t o o ,  c l a s s i f i c a t i o n  i n t o  a n  u p p e r ,  m i d d l e ,  
and l o w e r  g r o u p ,  e a c h  c o n t a i n i n g  f i v e  g u i t a r s ,  c a n  be  r e c o g n i z e d .  Re- 
markably, i n  seven cases, t h e  p o s i t i o n s  i n  t h e  o r d e r  o f  p r e f e r ence  agree  
w i t h  t h o s e  o f  t h e  monophonic  p i c e s ,  and o n l y  i n  t w o  c a s e s  d o e s  t h e  
d i f f e r e n c e  amount t o  two p o s i t i o n s .  A d i r e c t  comparison of  t h e  diagrams 
f o r  t h e  polyphonic p i e c e s  t o g e t h e r  wi th  t h e  o v e r a l l  a s se s smen t  would, on 
t h e  o t h e r  hand, show agreement  i n  t h e  p o s i t i o n  o f  on ly  t h r e e  g u i t a r s  and 
d i f f e r e n c e s  of  up t o  f o u r  p o s i t i o n s .  From t h i s  i t  f o l l o w s  t h a t  t h e  
eva lua t ion  of monophonic p i e c e s  i s  c l o s e r  t o  t h e  o v e r a l l  e v a l u a t i o n  and 
t h a t  t h e  t o n e  q u a l i t y  i n  t h e  i n d i v i d u a l  r e g i s t e r s  e v i d e n t l y  i s  more 
h i g h l y  e v a l u a t e d  t h a n  t h e  b a l a n c e  b e t w e e n  h i g h - p i t c h e d  n o t e s  and  b a s s  
no t e s .  
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Fig. 2. Averaged evaluation of 15 guitars. 



B. Single music pieces 

To demonstrate in detail how the overall evaluation is formed from the 
results for the particular pieces, the evaluation for the individual 
guitars is shown in Fig. 3. The order of preference of the instruments 
is according to the overall evaluation. Fig. 3 makes it clear that the 
order of preference within the leading group apparently is determined by 

Fig. 3. Evaluation of 15 guitars. 



t h e  p i e c e  f o r  wh ich  t h e  i n s t r u m e n t  i s  l e a s t  s u i t a b l e .  It f o l l o w s  f r o m  
t h i s ,  t h a t  t h o s e  i n s t rumen t s  f o r  which t h e  v a r i a t i o n  between d i f f e r e n t  
p i e c e s  i s  s l i g h t ,  a r e  t h e  o n e s  judged  mos t  f a v o r a b l y .  F o r  t h i s  r e a s o n ,  
t h e s e  s u p e r i o r  g u i t a r s  s h o u l d  be  a d v a n t a g e o u s  i n  a v e r y  c o m p r e h e n s i v e  
r e p e r t o i r e .  

Yet ano the r  conc lus ion  can be drawn from Fig. 3; t h e  e v a l u a t i o n  o f  an  
i n s t r u m e n t  v a r i e s  f rom p i e c e  t o  p i e c e .  Thus,  f o r  some g u i t a r s ,  t h e  
m i d d l e  p i e c e  o f  t h e  f i r s t  t h r e e  was judged  l e a s t  f a v o r a b l e  e a c h  t ime.  
T h i s  i s  p a r t i c u l a r l y  a p p a r e n t  f o r  t h e  f i v e  b e s t  i n s t r u m e n t s .  The c h a -  
r a c t e r  of  t h e  p a r t i c u l a r  p i eces ,  p o i n t s  t o  t h a t  t h e  s u p e r i o r i t y  of  t h e s e  
g u i t a r s  is  t o  be found i n  t h e  lower  and upper p i t c h  r anges ,  bu t ,  t h a t  on 
t h e  o t h e r  hand, t hey  have c e r t a i n  d i sadvantages  i n  a  r a p i d  succes s ion  o f  
no tes .  

I n  c o n t r a s t ,  t h e r e  are a  number of i n s t r u m e n t s  which were p a r t i c u l a r l y  
f a v o r a b l y  judged  i n  p i e c e  number f i v e .  G u i t a r  F  i s  c o n s p i c u o u s  among 
t h e s e  i n  t h a t  p i ece  number two a l s o  rece ived  e x c e l l e n t  eva lua t ion ,  The 
o t h e r  p i e c e s  came f a r  behind i n  comparison. This  f a c t  p o i n t s  t o  a  par-  
t i c u l a r  sound  q u a l i t y  i n  t h e  m i d d l e  r e g i s t e r  and  i n  fas t  p a s s a g e s ;  t h e  
balance w i t h  regard  t o  t h e  low r e g i s t e r  is  good, wh i l e  t h e r e  a r e  obvious  
short-comings i n  t h e  upper r e g i s t e r .  

An even  s t r o n g e r  p r e f e r e n c e  f o r  p i e c e  number  5 w i t h  g u i t a r s  B ,  C ,  D ,  
and E i s  a s s o c i a t e d  w i t h  a  p r e f e r e n c e  f o r  t h e  p o l y p h o n i c  p i e c e s .  The 
preference  is  s t r o n g e r  t h e  more sound components i n  t h e  bas s  notes .  A l l  

f o u r  i n s t rumen t s  a r e  weak i n  t h e  h i g h e s t  r e g i s t e r .  The middle  register 
i s  good,  b u t  i n  t h e  s o l o  p l a y i n g ,  t h e  sound i n  t h e  low r eg i s t e r  i s  
n e g a t i v e l y  judged .  I n  t h e  e n s e m b l e  p l a y i n g ,  i t  s u i t s  t h e  o v e r a l l  c h a -  
r a c t e r  more ( B ,  C )  o r  l e s s  (D, E ) ,  as  f a r  as c h o r d a l  accompan imen t  i s  
concerned (p i ece  1); i n  t h e  low r e g i s t e r  of  t h e  melody o f  p i e c e  number 2,  

however, i t  is n o t  s a t i s f a c t o r y .  

If t h e  i n d i v i d u a l  i n s t r u m e n t s  a r e  summed up a c c o r d i n g  t o  t h e  cha -  
r a c t e r i s t i c s  d e s c r i b e d ,  a  r e m a r k a b l e  d i s c o v e r y  i s  made. The g r o u p s  o f  
g u i t a r s  correspond a t  t h e  same t i m e  t o  a  c l a s s i f i c a t i o n  accord ing  t o  t h e  
maker.  I t  c a n  be  i n f e r r e d  t h a t  a c e r t a i n  q u a l i t y  o f  t o n e  i n  v a r i o u s  
g rada t ions  is r e a l i z a b l e .  Therefore ,  t h e  p o s s i b i l i t y  e x i s t s  of  bas ing  
t h e  t o t a l  product ion o f  a  company upon a uniform concept  of  sound. 



Acous t ica l  test  method 

The n e x t  t a s k  f a c i n g  u s  i s  t o  r e l a t e  t h e  o r d e r  o f  p r e f e r e n c e  o f  t h e  
g u i t a r s  t o  t h e i r  resonance c h a r a c t e r i s t i c s .  This  must be done i n  o rde r  
t o  c l a r i f y  which c h a r a c t e r i s t i c s  a r e  d e c i s i v e  f o r  good i n s t r u m e n t s  and 
which f o r  bad ones. The frequency curves  o f  t h e  g u i t a r  form a b a s i s  f o r  
an o b j e c t i v e  d e s c r i p t i o n  o f  i ts  resonance c h a r a c t e r i s t i c s .  The method, 
u sed  t o  m e a s u r e  t h e s e  c u r v e s ,  t o  a  l a r g e  e x t e n t  i s  t h e  same a s  f o r  
v i o l i n s  (5 ) .  

The s t r i n g s  o f  t h e  g u i t a r  were dampened w i t h  smal l  p i e c e s  o f  foam 
rubber  s o  t h a t  t h e i r  q u a l i t y  does n o t  a f f e c t  t h e  tests and only  t h e  reso-  
n a n c e  c h a r a c t e r i s t i c s  o f  t h e  body a r e  d e t e r m i n e d .  The g u i t a r  was s e t  
i n t o  v i b r a t i o n  by an e lec t rodynamic  v i b r a t i o n  sys tem ( P h i l i p s  PR 9271), 
w i t h  i t s  v i b r a t i n g  p i n  on t h e  br idge  from above. The v i b r a t i o n  d i r e c t i o n  
was o r i e n t e d  perpendicu la r  t o  t h e  t o p  s i n c e  p r e l i m i n a r y  tests had shown 
t h a t  t h e  r e s u l t s  ob ta ined  from t h i s  t e c h n i c a l l y  s i m p l e  form o f  e x c i t a t i o n  
s c a r c e l y  d i f f e r e d  from those  ob ta ined  wi th  an e x c i t a t i o n  p a r a l l e l  t o  t h e  
top .  

S i x  microphones were placed around t h e  i n s t rumen t  i n  an  anechoic  cham- 
be r ,  each of  them connected t o  a  measurement a m p l i f i e r .  The r e c t i f i e d  
microphone s i g n a l s  were connected t o  a  network producing a  mean value. 
Thereby, an ex t ens ive  e q u a l i z a t i o n  of  t h e  d i r e c t i v i t y  w i thou t  any d i s -  
t u r b i n g  i n f l u e n c e  on t h e  p h a s e  r e l a t i o n s h i p s  was a c h i e v e d  f o r  t h e  s i x  
microphones. 

Acous t ica l  q u a l i t y  c r i t e r i a  

An example of  f requency curves  f o r  two g u i t a r s  is  shown i n  Fig.  4. The 
i n s t r u m e n t  a t  t h e  t o p  o c c u p i e d  a  l e a d i n g  p o s i t i o n  i n  t h e  s u b j e c t i v e  
o v e r a l l  e v a l u a t i o n ,  w h e r e a s  t h e  i n s t r u m e n t  i n  t h e  l o w e r  d i a g r a m  was 
judged  t o  be r e l a t i v e l y  poor .  The u p p e r  c u r v e  i s  c h a r a c t e r i z e d  i n  t h e  
lower frequency range by t h r e e  d i s t i n c t  resonance  peaks,  each s l i g h t l y  
above 100, 200, and 400 Hz. Above 1000 Hz a  number o f  s i n g l e  resonances  
a r e  recognizable  which change i n t o  a  f a i r l y  compact resonance range. I n  
t h e  l o w e r  c u r v e ,  t h e  r e s o n a n c e  p e a k s  s l i g h t l y  a b o v e  100 and 200  Hz a r e  
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Fig. 4. Response curves of two different guitars. 

recognizable too; but for higher frequencies the two curves are quite 
different. 

Characteristics of the frequency curves in the form of numerical 
values must be determined to enable a correlation between the resonance 
characteristics and the subjective evaluation. ,For this purpose, the 
following characteristics were tested (see Fig. 4): 

Frequency, peak level, and the Q-factor of the first three reso- 
nances ; 

the distance between the peak frequencies and the frequency of the 
nearest note; 

the depth of the cleft when the second resonance is split into two 
peaks ; 



t h e  presence  of a  secondary resonance below t h e  1 s t  resonance;  

t h e  i n t e r v a l  be tween  t h e  1 s t  and  2nd r e s o n a n c e s  ( a c c o r d i n g  t o  t h e  
i n v e s t i g a t i o n s  c a r r i e d  o u t  by Letowski and Ba r t z  (6) i n  1971, t h i s  
should be a s  c l o s e  t o  one oc t ave  as poss ib l e .  

Another way o f  eva lua t ing  t h e  frequency curves ,  which has  a l s o  proved 
i ts va lue  i n  use w i t h  v i o l i n s ,  is t o  subd iv ide  t h e  curve i n t o  frequency 
s e c t i o n s  a  m a j o r  t h i r d  w ide  and  t o  d e t e r m i n e  a n  a v e r a g e  v a l u e  o f  t h e  
ampl i tude  f o r  each sec t ion .  This  r e s u l t s  i n  r e c t a n g u l a r  curves  l i k e  t h e  
curves  t r a c e d  i n  Fig. 5, which can e a s i l y  be combined f o r  wider  f requency 
r a n g e s  by a v e r a g i n g .  The c e n t e r  f r e q u e n c y  o f  t h e  i n d i v i d u a l  t h i r d  
o c t a v e s  s e r v e s  t o  i n d i c a t e  t h e s e  r a n g e s .  What p roved  t o  be  i n t e r e s t i n g  
h e r e ,  i n  p a r t i c u l a r ,  we re  t h e  a v e r a g e  v a l u e s  f o r  some o f  t h e  o c t a v e  
ranges,  f o r  t h e  e n t i r e  range of t h e  fundamental  t ones ,  and f o r  t h e  over- 
t o n e s  f rom 80  Hz t o  1000 Hz wh ich  a r e  d e c i s i v e  f o r  a  f u l l  sound.  
F i n a l l y ,  i t  a l s o  proved t o  be o f  importance whether  t h e  r e c t a n g u l a r  curve  
above 1250 Hz assumed a  h igher  va lue  again.  

Objec t ive  ve r sus  s u b j e c t i v e  

The i n f l u e n c e  o f  t h e  v a r i o u s  c h a r a c t e r i s t i c s  on t h e  q u a l i t y  o f  t h e  
i n s t r u m e n t  can  be s e e n  when t h e i r  n u m e r i c a l  v a l u e s  f rom t h e  f r e q u e n c y  
c u r v e  a r e  p l o t t e d  a g a i n s t  t h e  r a n k  o r d e r  o f  t h e  p r e f e r e n c e  f rom t h e  
l i s t e n i n g  tes t s .  F ig .  6 g i v e s  t h r e e  e x a m p l e s .  The u p p e r  d i a g r a m  s h o w s  
t h a t  w i t h  few e x c e p t i o n s ,  t h e  h i g h e r  t h e  a v e r a g e  l e v e l  f o r  t h e  t h i r d  
oc t aves  from 80 t o  1000 Hz, t h e  b e t t e r  t h e  e v a l u a t i o n  of t h e  i n s t rumen t s .  
The same a p p l i e s  t o  t h e  t h i r d  o c t a v e  r a n g e  f r o m  315 t o  500 Hz. I n  t h e  
l owes t  diagram, t h e  b e s t  i n s t r u m e n t s  a p p a r e n t l y  have only  a  s m a l l  l e v e l  
d i f f e r e n c e ;  a  l e v e l  jump above 1250 Hz is n c t  d e s i r a b l e .  

I n  o r d e r  t o  be a b l e  t o  c o m p r i s e  t h e  i n f l u e n c e  o f  t h e  l a r g e  number o f  
c r i t e r i a ,  t h e  a r e a  of  t h e  measuring va lues  was d iv ided  i n t o  t h r e e  zones. 
I n  t h e s e  zones t h e  measuring p o i n t s  were coord ina ted  i n  s i m p l i f i e d  form; 
a  p o s i t i v e ,  a n  a v e r a g e ,  and  a  n e g a t i v e  e v a l u a t i o n .  T h i s  p o i n t  r a t i n g ,  
shown a t  t h e  r i g h t  e d g e  o f  F ig .  6 ,  made i t  p o s s i b l e  t o  sum up a l l  c r i -  
t e r i a  f o r  t h e  o v e r a l l  judgement. 
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Fig. 5. Averaged response curve o f  a  g u i t a r .  

Here, o f  c o u r s e ,  t h e  q u e s t i o n  o f  t h e  s i g n i f i c a n c e  o f  t h e  s p e c i f i c  
c r i t e r i a  a r i s e s .  When a  monotone dependence between t h e  rank o r d e r  and 
t h e  measured  v a l u e s  f o r  a  c r i t e r i o n  was r e c o g n i z a b l e ,  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  was ca l cu l a t ed .  These c o e f f i c i e n t s  a r e  p re sen t ed  i n  Table  1 

f o r  t h o s e  c r i t e r i a  wh ich ,  i n  t h e  l a s t  a n a l y s i s ,  t u r n e d  o u t  t o  be o f  
importance f o r  t h e  o v e r a l l  eva lua t ion .  This  t a b l e  a l s o  c o n t a i n s  symbols  
o f  t h e  s p e c i f i c  c r i t e r i a  which  are  t o  be  u s e d  i n  some o f  t h e  d i a g r a m s .  
A s  c a n  be  s e e n ,  t h e  d e g r e e  of  c o r r e l a t i o n  i n  t h e  f i r s t  13 c r i t e r i a  
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Fig. 6. C o r r e l a t i o n  between measuring v a l u e s  and s u b j e c t i v e  e v a l u a t i o n s .  
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s t e a d i l y  decreases .  No c a l c u l a t i o n  was p o s s i b l e  f o r  t h e  remain ing  c r i -  
t e r i a .  The r e l a t i o n  between t h e  s u b j e c t i v e  numbers and measured c r i t e r i a  
was n o t  monotone. There were v a l u e s  t o o  h igh  and t o o  low t h a t  had t o  be 
eva lua t ed  n e g a t i v e l y .  
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Summing up t h e  rank  o r d e r i n g  a f t e r  t h e  first s i x  c r i te r ia  r e s u l t s  i n  a 
very good c o r r e l a t i o n  w i t h  t h e  s u b j e c t i v e  eva lua t ion ,  as can  be s e e n  i n  

Fig. 7. Cor re l a t i on  between o b j e c t i v e  and s u b j e c t i v e  e v a l u a t i o n s .  
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t h e  r i g h t - h a n d  d i a g r a m  i n  F ig .  7. By a d d i n g  a l l  t h e  19  c r i t e r i a  l i s t e d  
i n  t h e  t a b l e ,  we o b t a i n  a n  even  f i n e r  q u a l i t y  g r a d i n g  as c a n  be  s e e n  i n  
t h e  le f t -hand  diagram of  t h i s  f i gu re .  The degree o f  c o r r e l a t i o n  between 
t h e  s u b j e c t i v e  e v a l u a t i o n  ( b a s e d  on s i x  p i e c e s  o f  m u s i c )  and  t h e  ob- 
j e c t i v e  e v a l u a t i o n  c a r r i e d  o u t  on t h e  b a s i s  o f  t h e  f r e q u e n c y  c u r v e  i s  
88%. E x c l u d i n g  t h a t  i n s t r u m e n t  wh ich  o b v i o u s l y  d o e s  n o t  f i t  i n t o  t h e  
g r o u p ,  t h e  d e g r e e  o f  c o r r e l a t i o n  r e a c h e s  97%. T h i s  e x c l u s i o n  i s  n o t  
completely u n j u s t i f i e d ,  inasmuch as t h i s  i n s t r u m e n t  e x h i b i t e d  f l u c t u a -  
t i o n s  of  frequency which were probably caused by t h e  s t r i n g s .  
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Objec t ive  c r i t e r i a  and music p i e c e s  

It c a n  be c o n c l u d e d  f rom t h e  h i g h  v a l u e s  o f  c o r r e l a t i o n  t h a t  t h e  
m a j o r i t y  of t h e  c r i t e r i a  accountab le  f o r  t h e  q u a l i t y  is  conta ined  i n  t h i s  
t a b u l a t i o n .  Na tu ra l l y ,  it should n o t  be assumed from t h i s  t h a t  t h e  t a b l e  
c o n t a i n s  a l l  f a c t o r s  i n f l u e n c i n g  q u a l i t y .  The b a s i s  o f  t h i s  t a b l e  is t h e  
summarized judgement of  t h e  i n s t r u m e n t s  on t h e  b a s i s  o f  t h e  s i x  p i e c e s  of  
mus i c .  The i n f l u e n c e  o f  t h e  i n d i v i d u a l  p i e c e s  c a n ,  howeve r ,  b e  d e t e r -  
mined by t h e  same method. These r e s u l t s  are r e f e r r e d  t o  i n  t h e  f o l l o w i n g  
when t h e  e f f e c t  o f  t h e  i n d i v i d u a l  c r i t e r i a  upon t h e  t o n a l  c h a r a c t e r i s t i c s  
o f  t h e  g u i t a r s  is discussed.  

C r i t e r i a  f o r  very  wide frequency ranges  

L e t  u s  now t u r n  our  a t t e n t i o n  t o  t hose  c r i t e r i a  which relate t o  very  
wide ranges  of  frequency. 

1. The a v e r a g e  l e v e l  o f  t h e  t h i r d  o c t a v e s  f r o m  8 0  t o  1000 Hz: T h i s  
frequency range provides  t h e  o v e r a l l  r a d i a t i o n  of  t h e  i n s t r u m e n t  i n  
t h e  r eg ion  of t h e  fundamental  t ones ,  and t h e  over tones  d e c i s i v e  f o r  
t h e  sonor i t y .  The average l e v e l  should be a s  h igh  a s  pos s ib l e .  A s  i n  
t h e  ca se  of  t h e  o v e r a l l  r a d i a t i o n  of  v i o l i n s ,  d i f f e r e n c e s  i n  l e v e l  o f  
on ly  a  few dB p lay  an impor t an t  p a r t .  This  c r i t e r i o n  is  o f  p a r t i c u l a r  
va lue  i n  p i e c e s  r e q u i r i n g  a  f u l l  sound wi thou t  being f u l l y  c h o r d a l l y  
composed. 

2. The a v e r a g e  l e v e l s  o f  t h e  t h i r d  o c t a v e s  f rom 1250 t o  3150 Hz: T h i s  
f requency range is  v i t a l  f o r  t h e  b r i l l i a n c e  and c l a r i t y  of  t h e  t i m b r e  
and a l s o  f o r  t h e  c l e a r  a t t a c k  o f  a  note.  On t h e  b a s i s  of  t h e  o v e r a l l  
judgement t h e  average l e v e l  should be n e i t h e r  t o o  high no r  t o o  low. 
High l e v e l s  a r e  an advantage on ly  i n  s t r o n g l y  c h o r d a l  p i e c e s  and,  due 
t o  t h e  c l e a r n e s s ,  i n  f a s t ,  c l o s e  t o n a l  f i g u r e s .  G e n e r a l l y ,  t h e y  
produce an  undes i r ab l e  hardness ,  which is p a r t i c u l a r l y  d i s t u r b i n g  i n  
a  melodic l i n e  i n  t h e  bass.  

3. The d i f f e r e n c e  i n  l e v e l  b e t w e e n  t h e  a v e r a g e  v a l u e  o f  t h e  t h i r d  
oc t aves  from 80-1000 Hz and 1250-315'0 Hz a l s o  r eaches  an optimum i n  
t h e  average va lues ,  accord ing  t o  t h e  argument i n  2. This  d i f f e r e n c e  
is  a  measure of  t h e  ba lance  between s o n o r i t y  and c l a r i t y  and should  
n o t  be t oo  g rea t .  I f , i t  exceeds a  va lue  o f  6 dB, t h e  sound impres s ion  
on t h e  whole  w i l l  be  t o o  f e e b l e .  F u r t h e r m o r e ,  t h e  a t t a c k  o f  a n o t e  



Table 1. The quality criteria of guitars derived from the frequency curves. 

No. Criterion Symbols Degree of correlation 

1 Peak level of 3rd resonance L 3 0.73 
(at approx. 400 Hz) 

2 Resonance rise of 3rd re- A L3 0.69 
sonance 

3 Quality factor of 3rd re- 
Q 3 0.6 4 

sonance 
4 Average level of third L80m1 25 0.59 

octaves 80 - 125 Hz 
5 Average level of third L250m400 0.58 

octaves 250 - 400 Hz 
6 Average level of third L3 15m500 0 .57 

octaves 315 - 500 Hz 
Average level of third L80m 1000 
octaves 80 - 1000 Hz 
Peak level of 2nd resonance L2 
Average level of third L800m1 250 
octaves 800 - 1250 Hz 
Quality factor of 1st reso- 

Q l 
nance (at approx. 100 Hz) 
Average level of third L160m250 
octaves 160 - 250 Hz 
Maximum of the third octave AL1250 
levels above 1250 Hz 
Depth of cleft in the 2nd A L2 
resonance 
Average level of third L~ 250m3 I 50 
octaves 1250 - 3150 Hz 
Difference between average AL l000 
levels of third octaves 
80 - 1000 Hz and 1250 - 3150 Hz 
Average level of third Lm630 
octave 630 Hz 
Distance of 1st resonance l 
from the closest note 

Distance of 2nd resonance 2 
from the closest note 
Average level of third 
. - - A -  -- L 4 ~ ~ ~ m 8 0 0 ~  



i s  n o t  s u f f i c i e n t l y  d i s t i n c t  wh ich  i s  a l l  t h e  more  n o t i c e a b l e  i n  
c l o s e  t o n a l  f i gu re s .  Values of  t h e  balance which a r e  t o o  low are no t  
f e l t  t o  be  q u i t e  s o  d i s t u r b i n g .  The e x a g g e r a t e d  c l e a r n e s s  i s  appa-  
r e n t l y  p r e f e r a b l e  t o  a very  b lu r r ed  sound. 

4. The frequency components from 4000 - 8000 Hz are only  e x c i t e d  b r i e f -  
l y  t o  v i b r a t i o n  i n  t h e  s t r i k i n g  o f  a  n o t e  a n d  a re  r a d i a t e d  f r o m  t h e  
body compara t ive ly  weakly. They add t o  t h e  i n c i s i v e n e s s  o f  t h e  sound 
product ion.  Large va lues  and a  r e l a t i v e l y  good r a d i a t i o n  is i n  gene- 
r a l  f e l t  t o  be  a n  a d v a n t a g e ,  w h i l e  t o o  smal l  v a l u e s  a re  n e g a t i v e l y  
eva lua ted .  This  is most apparen t  i n  cho rda l  playing.  High l e v e l s  have 
a  more nega t ive  i n f luence  upon t h e  sound impres s ion  on ly  i n  t h e  ca se  
o f  a m e l o d i c  l i n e  i n  t h e  b a s s  w i t h  o v e r l y i n g  accompany ing  f i g u r e s .  
They produce a  c e r t a i n  hardness  o f  sound. 

Criteria f o r  t h i r d  oc t ave  r anges  

Having d e a l t  w i t h  t h e s e  f o u r  c r i t e r i a  f o r  t h e  o v e r a l l  r a d i a t i o n  o f  the 
i n s t r u m e n t ,  we now t u r n  o u r  a t t e n t i o n  t o  t h e  e n e r g y  d i s t r i b u t i o n  i n  
narrower frequency ranges.  

5. The t h i r d  oc tave  range from 80-125 Hz compr ises  t h e  low r e g i s t e r s  of  
t h e  t o n a l  range and inc ludes  t h e  first main resonance ( c r i t e r i o n  
4). The upper l i m i t  i s  approximately a t  C sharp.  A g l ance  a t  Table  1  
shows t h a t  c r i t e r i o n  4  produces t h e  h i g h e s t  c o r r e l a t i o n  o f  a l l  
t h e  a v e r a g e d  r a n g e s  o f  t h i r d  o c t a v e s ,  s o  i t  i s  of  p a r t i c u l a r  s i g n i -  
f i c a n c e .  High v a l u e s  i n  t h i s  r a n g e  w e r e ,  a b o v e  a l l ,  p o s i t i v e l y  
e v a l u a t e d  when a  f u l l  sound  i n  a  s l o w  s u c c e s s i o n  o f  n o t e s  i s  re- 
quired.  Here i t  should be mentioned t h a t  melodies  i n  upper r e g i s t e r s  
a l s o  p r o f i t  f rom t h e s e  l ow  f r e q u e n c y  c o m p o n e n t s ,  a s  t h e  l o w  r e s o -  
n a n c e s  a r e  a l s o  added  i n  t h e  s t a r t i n g  t r a n s i e n t .  T h i s  e f f e c t  i s  
n e g a t i v e ,  howeve r ,  when v e r y  f a s t ,  c l o s e  s u c c e s s i o n s  o f  n o t e s  a r e  
played,  because t h e  sound then  becomes muff led.  

6 .  The f r e q u e n c y  r a n g e  o f  t h e  f o l l o w i n g  t h i r d  o c t a v e s  f rom 160-250 Hz 
c o m p r i s e s  t h e  t o n e  r e g i o n  f rom D 3  t o  C s h a r p  4 ,  s o  i t  a l s o  encom- 
p a s s e s  t h e  s e c o n d  main  r e s o n a n c e  i n  t h i s  r a n g e .  The d i f f e r e n c e s  i n  
l e v e l  b e t w e e n  t h e  v a r i o u s  g u i t a r s  a r e  smaller  t h a n  i n  t h e  t h i r d  
o c t a v e s  f r o m  80-125 Hz. High v a l u e s  a r e  h e l d  t o  be  f a v o r a b l e ,  and  
t h i s  a p p l i e s  i n  p a r t i c u l a r  ( i n  c o n t r a s t  t o  t h e  t h i r d s  from 80-125 Hz) 
t o  c h o r d a l  s o u n d s  i n  t h e  m i d d l e  r e g i s t e r ,  b u t  i s  n o t i c e a b l e  i n  a l l  
o t h e r  p i eces  w i th  t h e  except ion  of  t h e  f a s t ,  c l o s e  t o n a l  f i g u r e s .  

7. The t h i r d  oc t aves  from 250 t o  400 Hz compr i se  t h e  t one  r eg ion  from 
B 3  t o  A4, t h u s  p a r t l y  o v e r l a p p i n g  t h e  r e g i o n  m e n t i o n e d  i n  6 and  8. 



With regard  t o  t h e  o v e r a l l  judgement, i t  h a s  proved advantageous t o  
i n c l u d e  t h i s  r e g i o n  l y i n g  above  t h e  s e c o n d  ma in  r e s o n a n c e ,  a s  a n  
a d d i t i o n a l  c r i t e r i o n .  High l e v e l  v a l u e s  a r e  f a v o r a b l e ,  r e m a r k a b l y  
enough,  e v e n  i n  p i e c e  no. 5 w i t h  i t s  c l o s e  t o n a l  f i g u r e s .  No nega -  
t i v e  c o r r e l a t i o n  worth mentioning occu r s  i n  any p i e c e ,  i n  c o n t r a s t  t o  
t h e  prev ious  frequency ranges.  This  c r i t e r i o n  is t h e r e f o r e  e s p e c i a l l y  
va luab le  f o r  t h e  v e r s a t i l e  a p p l i c a t i o n  of  a  g u i t a r .  

8. The r a n g e  o f  t h e  t h i r d  o c t a v e s  f r o m  315 t o  500 Hz (D4 t o  C s h a r p  5 ) ,  
o v e r l a p p i n g  t h e  p r e v i o u s  o n e s ,  shows  a  s i m i l a r  t e n d e n c y  on  t h e  
whole, indeed. I n  t h e  f a s t  p i e c e s  nos. 2 and 5, t h e r e  i s  no n o t i c e -  
a b l e  c o r r e l a t i o n .  High l e v e l s  g i v e  a c o l o r i n g ,  which is very  favorab-  
l e  i n  q u i e t  pieces .  

9 .  The 630 Hz t h i r d  o c t a v e  c o m p r i s e s  t h e  r e g i o n  f r o m  D 5  t o  F5 and  
corresponds approximate ly  t o  t h e  vowel co lou r  "5". Extreme va lues  are 
'considered disadvantageous:  "too lowu va lues  l e a d  t o  an uneven h i g h  
E-s t r ing ,  and "too highH va lues  g i v e  u n s a t i s f a c t o r y  t imbre .  

The t h i r d  o c t a v e s  f rom 800  t o  1250 Hz (F s h a r p  5 t o  F6)  c o v e r  t h e  
r e g i o n  o f  t h e  vowe l  c o l o u r  Ifan (German " a f f ) ,  w h i c h  i s  g e n e r a l l y  
considered t o  be o f  p a r t i c u l a r  importance i n  judging mus i ca l  i n s t r u -  
m e n t s  , r e f .  ( 8 ,  9 ) .  A s  shown by t h e  c o r r e l a t i o n  v a l u e s  t h i s  f r e -  
quency  r a n g e  h a s  a  c o n s i d e r a b l e  i n f l u e n c e  on t h e  sound  q u a l i t y  o f  
g u i t a r s  t o o .  A h i g h  l e v e l  v a l u e  i s  e s p e c i a l l y  d e s i r a b l e  i n  p i e c e s  
whose t o n a l  range ex tends  t o  a  very  h igh  one. Thus, t h e  1250 Hz t n l r d  
oc tave  is  p a r t i c u l a r l y  i m p o r t a n t  f o r  t h e  h i g h e s t  r e g i s t e r s  o f  t h e  
h i g h  E - s t r i n g ,  a s  i t  i n c l u d e s  t h e  p a r t i a l s  o f  t h e  o c t a v e .  On t h e  
o t h e r  hand, i n  p i e c e s  r e q u i r i n g  a  r a t h e r  subdued sound, t oo  h igh  a  
l e v e l  i n  t h i s  t h i r d  oc tave  is a  disadvantage.  

11. A l e v e l  r i s e  above  t h e  1250 Hz t h i r d  o c t a v e  l e a d s  t o  a  d i s t u r b i n g  
e f f e c t .  It is  o f  no importance f o r  t h e  judgement whether  t h i s  maximum 
i s  i n  t h e  1600 Hz o r  i n  t h e  2000 Hz t h i r d  o c t a v e .  Only  t h e  m a g n i t u d e  
o f  t h e  l e v e l  r i s e s  i s  o f  i m p o r t a n c e ,  s i n c e  a l e v e l  r i s e  o f  t n i s  
k i n d  l e a d s  t o  a  n a s a l  o r  a  h a r d ,  o b t r u s i v e  t i m b r e .  I ts e f f e c t  i s  
d i s t u r b i n g ,  more s o  when t h e  h ighe r  r e g i s t e r s  a r e  enhanced over  t h e  
bass .  

, r i t e r i a  f o r  i n d i v i d u a l  resonances  

The r e s t  of  t h e  c r i t e r i a  is concerned wi th  t h e  d e t a i l e d  cou r se  of t h e  
f r e q u e n c y  c u r v e s  and r e f e r  t o  c e r t a i n  c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  
resonances.  



12. The t u n i n g  o f  t h e  l o w e s t  r e s o n a n c e  v a r i e d  g r e a t l y  i n  t h e  g u i t a r s  
t e s t e d ;  t h e  f r e q u e n c i e s  were b e t w e e n  9 5  and  112.5 Hz, i.e., t h e  
l owes t  va lue  l a y  below G and t h e  h i g h e s t  above A. This  f requency  has  
no d i r e c t  i n f luence  upon t h e  o v e r a l l  eva lua t ion .  However, t h e  fre- 
quency  d i s t a n c e  f rom t h e  n e x t  n o t e  o f  t h e  scale  i s  i m p o r t a n t .  I f  
t h e  resonance co inc ides  w i t h  a no te ,  t h i s  n o t e  drops  ou t  o f  t h e  sound 
p a t t e r n  o f  t h e  a d j a c e n t  n o t e s  b e c a u s e  it d e c a y s  f a s t e r .  F o r  t h i s  
reason ,  t h e  resonance should ,  i f  p o s s i b l e ,  l i e  a t  a  d i s t a n c e  of  more 
t han  25 c e n t  from t h e  frequency o f  t h e  n e a r e s t  note. 

13. The tun ing  of  t h e  second main resonance,  which f a l l s  between 184 and 
242.5 Hz, should a l s o  l i e  a t  a d i s t a n c e  from t h e  n e a r e s t  note .  But a s  
t h e  second resonance g e n e r a l l y  is more dampened t h a n  t h e  first reso-  
n a n c e ,  and  a s  t h e  same c e n t  d e v i a t i o n  r e s u l t s  i n  a n  a p p r o x i m a t e l y  
doubled bea t  f requency,  a de tuning  t o  t h e  n e a r e s t  n o t e  by more t han  
20 c e n t  s u f f i c e s .  

I n  t h i s  connect ion,  i t  should be mentioned t h a t  t h e  requi rement  t o  
t u n e  b o t h  f u n d a m e n t a l  r e s o n a n c e s  p r e c i s e l y  t o  one  o c t a v e ,  r e f .  ( 5 ) ,  
cannot  be deduced from t h e  r e s u l t s  under d i s cus s ion .  It should on ly  
be noted t h a t  t h e  resonances o f  one o f  t h e  best-judged g u i t a r s  were 
spaced e x a c t l y  one oc tave  a p a r t ;  t h e r e  was no f u r t h e r  c o r r e l a t i o n .  

14. The lowes t  main resonances should be dampened as much a s  p o s s i b l e ,  a s  
t h i s  i m p r o v e s  t h e  b a l a n c e  i n  t h e  l o w e s t  r e g i s t e r  - a s  d o e s  t h e  
t u n i n g .  A r e s o n a n c e  wh ich  h a s  been  l i t t l e  damped s t r e s s e s  t h e  n e x t  
no t e  t o o  much. The peak l e v e l  of t h e  first resonance s c a r c e l y  v a r i e d  
i n  most of  t h e  g u i t a r s ,  and t h u s  was no t  regarded a s  a  s p e c i a l  c r i t e -  
r i o n .  

15. A s t r o n g e r  c o r r e l a t i o n  was found  f o r  t h c  L e v e l  o f  t h e  s e c o n d  r e s o -  
n a n c e ,  a l t h o u g h  i t s  v a l u e s  f o r  t h e  i n d i v i d u a l  g u i t a r s  d o  n o t  f l u c -  
t u a t e  v e r y  much. A h i g h  peak  l e v e l  i s ,  h o w e v e r ,  a n  a d v a n t a g e  h e r e ,  
because t h e  damping o f  t h e  resonance is  g e n e r a l l y  s u f f i c i e n t .  

16. A n e g a t i v e  i n f l u e n c e  mus t  be a s s o c i a t e d  w i t h  a  s p l i t t i n g  o f  t h e  
second resonance i n t o  two s e p a r a t e  peaks. This  is  most n o t i c e a b l e  i n  
t h o s e  n o t e s  which  a r e  encompassed  i n  t h i s  r e s o n a n c e  r a n g e .  The 
nega t ive  i n f luence  man i f e s t s  i t se l f  p a r t i c u l a r l y  i n  t h e  r e p e t i t i o n  of  
no t e s  i n  t h e  second p i ece  and i n  t h e  middle  p a r t  o f  t h e  t h i r d  piece.  
The h i g h e s t  n o t e s  o f  p i e c e  no. 4, a s  w e l l  a s  t h e  o c t a v e  p a r t i a l s  o f  
t h e  low r e g i s t e r ,  f a l l  i n t o  t h i s  region. 

17. The t h i r d  r e s o n a n c e ,  wh ich  was i n  t h e  r a n g e  b e t w e e n  390 and  440 Hz, 
i s  obviously o f  g r e a t  importance. The p o s i t i o n  o f  t h e  peak frequency 
a p p a r e n t l y  d o e s  n o t  i n f l u e n c e  t h e  q u a l i t y ,  b u t  t h e  peak  l e v e l  i s  
important .  This  c r i t e r i o n  showed t h e  h i g h e s t  c o r r e l a t i o n  o f  a l l  t h e  
i n d i v i d u a l  c r i t e r i a .  A h i g h  l e v e l  i s  o f  v a l u e ,  above  a l l ,  f o r  t h e  



middle r e g i s t e r  of  t h e  high E-s t r ing  and a t  t h e  same t ipe  l e a d s  t o  a 
p o s i t i v e  judgement o f  t h e  s t r e n g t h e n i n g  of  t h e  ~ v e r t o n e s  of  t h e  b a s s  
reg ion .  

18. Contrary t o  t h e  two lower resonances,  t h e  t h i r d  resonance should be 
a s  l i t t l e  damped a s  poss ib le .  This  requi rement  r e s u l t s  from t h e  h i g h  
c o r r e l a t i o n  w i t h  t h e  o v e r a l l  e v a l u a t i o n  and was found i n  p r a c t i c a l l y  
a l l  t h e  p ieces .  The prolonged r e v e r b e r a t i o n  o f  a  resopance which h a s  
been  o n l y  s l i g h t l y  damped is e v i d e n t l y  r e g a r d e d  f a v o r a b l e .  On ly  i n  
t h e  f a s t ,  c l o s e  s u c c e s s i o n  o f  n o t e s  o f  p i e c e  no. 5 d o e s  t h e  s l i g h t  
damping  have  a  n e g a t i v e  e f f e c t .  The c l a r i t y  o f  t h e  i n d i v i d u a l  t o n e  
s t e p s  is impaired.  

19. F i n a l l y ,  i t  i s  a l s o  i m p o r t a n t  how s t r o n g l y  t h e  t h i r d  r e s o n a n c e  is 
l i f t e d  f r o m  i t s  background.  I n  t h e  m a j o r i t y  o f  p i e c e s ,  a s t r o n g  
r e s o n a n c e  r i s e  was  judged  t o  be  a d v a n t a g e o u s ,  t h e  h i g h  c o r r e l a t i o n  
w i t h  t h e  o v e r a l l  e v a l u a t i o n  b e i n g  mos t  e v i d e n t ,  Beyond t h i s ,  i t  i s  
remarkable  t h a t  t h i s  c r i t e r i o n  shows no n e g a t i v e  c o r r e l a t i o n  wor th  
m e n t i o n i n g  i n  a n y  o f  t h e  p i e c e s ,  i.e., t h e r e  i s  no  case where  a v e r y  
s l i g h t  resonance rise is  an  advantage. 

C r i t e r i a  and i n d u s t r i a l  mass-production 

- I n  c l o s i n g ,  l e t  u s  t u r n  o u r  a t t e n t i o n  t o  t h e  c r i t e r i a  and  t h e  i n d u s -  
t r i a l  mass  p r o d u c t i o n  o f  g u i t a r s .  An i m p o r t a n t  a s p e c t  i s  w h e t h e r  a 
cons t an t  q u a l i t y  is  achieved w i t h  t h e  p re sen t  t e c h n i c a l  methods, F r e -  
quency curves  were recorded f o r  a  l a r g e  number of i n s t r u m e n t s  from one 
and  t h e  same p r o d u c t i o n  s e r i e s ,  and  e v a l u a t e d  w i t h  t h e  a i d  o f  t h e  
c r i t e r i a  in t roduced  above. 

The a n a l y s i s  o f  a  p r o d u c t i o n  ser ies  i s  s u m m a r i z e d  i n  F i g .  8. The 
q u a l i t y  d i s t r i b u t i o n  w i t h i n  t h e  s e r i e s  i s  i n  e a c h  c a s e  n u m e r i c a l l y  
e x p r e s s e d  a s  t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  l e v e l s  m e a s u r e d  i n  t h e  
i n d i v i d u a l  f r e q u e n c y  r a n g e s  o r  r e s o n a n c e s .  I n  t h i s  f i g u r e ,  o n e  r e c o g -  
n i z e s  c l e a r l y  a  tendency of t h e  l e v e l  v a r i a t i o n s  w i t h i n  t h e  p roduc t ion  
s e r i e s .  The l e v e l  v a r i a t i o n s  i n c r e a s e  cons ide rab ly  a t  f r e q u e n c i e s  above 
1000 Hz. The g r e a t e s t  u n i f o r m i t y  i s  a c h i e v e d  f o r  t h e  a v e r a g e  l e v e l s  o f  
t h e  t h i r d  o c t a v e s  f rom 250 t o  400 Hz and  315 t o  500 Hz. The b a l a n c e  i s  
a l s o  r e l a t i v e l y  good i n  t h e  r e g i o n  o f  t h e  l o w e s t  f r e q u e n c i e s .  I n  t h e  
l a s t  two  c a s e s ,  t h e  s t a n d a r d  d e v i a t i o n  i s  be low 0.5 dB. It  i s  s t r i k i n g  
t h a t  t h e  s tandard  d e v i a t i o n  f o r  t h e  t h r e e  t h i r d  o c t a v e s  from 160 t o  250 
Hz and f o r  t h e  630 Hz t h i r d  o c t a v e  i s  h i g h e r  t h a n  f o r  t h e  n e i g h b o r i n g  
reg ions .  
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Fig. 8. Q u a l i t y  d i s t r i b u t i o n  of  s e r i a l  manufactured g u i t a r s .  

A d i sadvantage  of  t h i s  r e p r e s e n t a t i o n  is  t h a t  t h e  q u a l i t y  f a c t o r  and 
tun ing  of  t h e  first t h r e e  resonances cannot  be i nc luded ,  a s  t h e s e  para- 
meters c a n n o t  be  e x p r e s s e d  i n  d e c i b e l s .  To f i n d  a  common m e a s u r e ,  t h e  
s t anda rd  d e v i a t i o n s  i n  t h e  i n d i v i d u a l  c r i t e r i a  were r e l a t e d  t o  t h e  d i f -  
f e r e n c e  which  c o r r e s p o n d s  t o  a q u a l i t y  i m p r o v e m e n t  f rom 11-111 t o  11+1", 
i.e., two  p o i n t s .  Thus,  t h e  l e v e l  v a r i a t i o n s  and  t h e  v a r i a t i o n s  i n  
f requency s e p a r a t i o n s ,  which a r e  l o g a r i t h m i c a l  measures  i n  dB and c e n t ,  
r e s p e c t i v e l y ,  can be p l o t t e d  i n  t h e  same diagram as t h e  v a r i a t i o n s  i n  t h e  
l i n e a r  Q-factor.  I n  p r a c t i c e ,  t h i s  means t h a t  t h e  s t anda rd  d e v i a t i o n s  a r e  
t r a n s f o r m e d  i n t o  I t q u a l i t y  g rades f1 .  The v a r i a t i o n  o f  t h e  a c o u s t i c a l  
c h a r a c t e r i s t i c s  f o r  t h e  mass produced s e r i e s  o f  g u i t a r s  is shown i n  t h i s  
fo rm i n  Fig.  9. 



cent er frequencies of V3 octave bands - 
Fig. 9. Q u a l i t y  d i s t r i b u t i o n  of  s e r i a l  manufactured g u i t a r s .  

The diagram shows t h e  same tendency a s  t h a t  seen  i n  Fig.  8 w i t h  a  c l e a r  
i n c r e a s e  of  t h e  v a r i a t i o n s  a t  h igher  f requenc ies .  Fur thermore ,  t h e  ve ry  
l a r g e  v a r i a t i o n s  w i t h  r e s p e c t  t o  t h e  t u n i n g  o f  b o t h  f u n d a m e n t a l  r e s o -  
nances a r e  remarkable.  Although both of  t h e s e  h igh  v a l u e s  p a r t l y  depend 
on t h e  narrow q u a l i t y  grades  o f  t h e  c r i t e r i o n ,  t h e  i n f l u e n c e  of  t h e  raw 
m a t e r i a l  is n e v e r t h e l e s s  demonstrated. This  was a l s o  t h e  case w i t h  t h e  
tun ing  of t h e  fundamental resonances (7). 

The q u a l i t y  f a c t o r  o f t h e  f i r s t r e s o n a n c e ,  d e t e r m i n e d  c h i e f l y  by t h e  
c a v i t y  p r o p e r t i e s ,  and t h e  average l e v e l  of t h e  t h i r d  o c t a v e s  from 80 t o  
125 Hz show o n l y  very small v a r i a t i o n s  d e s p i t e  t h e  v a r i a b l e  tuning.  The 
l e v e l  v a r i a t i o n s  o f  t h e  s econd  r e s o n a n c e  a s  w e l l  a s  t h o s e  o f  t h e  t h i r d  
oc taves  from 160 t o  250 Hz is no t i ceab ly  l a r g e r ,  because o f  t h e  t o p  p l a t e  



p r o p e r t i e s .  The t o p  p l a t e  i s  t h e  dominan t  e l e m e n t  f o r  t h i s  r e s o n a n c e  
r a n g e ,  i t  o s c i l l a t e s  a s  a who le  and  n o t  i n  p a r t s  and  i s  t h e r e f o r e  more 
s t r o n g l y  i n f l u e n c e d  by t h e  a c o u s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  p l a t e  
m a t e r i a l .  Furthermore, t h e  l e v e l  i n  t h e  160 Hz t h i r d  oc t ave  - below t h e  
s econd  r e s o n a n c e  - d e c r e a s e s  n o t i c e a b l y  when t h e  r e s o n a n c e  i s  t u n e d  
h i g h e r .  T h i s  a l s o  a f f e c t s  t h e  a v e r a g e  v a l u e  o f  t h e  t h i r d  o c t a v e s  f rom 
160 t o  250 Hz. 

A l l  t h r e e  c r i t e r i a  a f f e c t i n g  t h e  t h i r d  r e s o n a n c e  show v e r y  s l i g h t  
v a r i a t i o n s  i n  mass product ion;  t h e r e  is a l s o  o n l y  a  s l i g h t  v a r i a t i o n  o f  
t h e  a v e r a g e  l e v e l s  i n  t h e  t h i r d  o c t a v e s  f r o m  250 t o  500 Hz. The t o p  
p l a t e  o s c i l l a t e s  i n  t h e  t h i r d  r e s o n a n c e  w i t h  a n o d a l  l i n e  a l o n g  t h e  
br idge  and t h e  p o s s i b i l i t y  o f  e x c i t i n g  t h i s  resonance depends much on t h e  
kind o f  s t i f f e n i n g  e lements  under t h e  t op  p l a t e .  This  w i l l  be d i s cus sed  
i n  my s e c o n d  paper .  I t  s h o u l d  o n l y  be  m e n t i o n e d  h e r e  t h a t  t h e  e x a c t  
f r e q u e n c y  p o s i t i o n  o f t h e  t h i r d  r e s o n a n c e  d o e s  n o t  i n f l u e n c e  t h e  sound 
q u a l i t y .  

The l e v e l  v a r i a t i o n s  i n c r e a s e  w i t h  t h e  r i s i n g  frequency i n  t h e  i n d i v i -  
d u a l  r a n g e s  o f  t h e  t h i r d  o c t a v e s .  It c a n  be  a s c r i b e d  t o  a  g r o w i n g  
in f luence  of  t h e  p l a t e  m a t e r i a l .  This  becomes more marked t h e  s t r o n g e r  
t h e  subd iv i s ion  of t h e  o s c i l l a t i n g  p l a t e  (8). The l i m i t  f o r  t h e  i n c r e a s e  
of  v a r i a t i o n s  is  s h i f t e d  t o  somewhat h ighe r  f r equenc i e s  when t h e  t o p  i s  
s t i f f e n e d  wi th  a  l a r g e r  number of  s t r u t s .  I n  t h e  p r e s e n t  c a s e  t h e r e  a r e  
on ly  th ree .  For more s t r u t s  t h e  s e c t i o n s  in-between a r e  s m a l l e r ,  and t h e  
s t i f f n e s s  o f  t h e  t o p  i s  more s t r o n g l y  determined by t h e  s t r u t s .  

The measurement r e s u l t s  p resen ted  i n  Fig. 9 can be summarized i n  t h r e e  
p o i n t s  : 

1. The more a d d i t i o n a l  c o n s t r u c t i o n  e lements  ( s t r u t s )  o f  t h e  t o p  p l a t e  
t h e  g r e a t e r  t h e  u n i f o r m i t y  o f  q u a l i t y  w i t h i n  a p r o d u c t i o n  s e r i e s .  
The i r r e g u l a r i t i e s  of  t h e  raw m a t e r i a l  a r e  b e t t e r  compensated f o r .  

2. A r educ t ion  o f  t h e  v a r i a t i o n s  i n  t h e  upper f requency r anges  w i t h i n  
t h e  product ion series can be achieved p r i m a r i l y  by t h e  p r e s e l e c t i o n  
o f  u n i f o r m  m a t e r i a l s  f o r  t h e  t o p  p l a t e ,  a n d  t o  a  l e s se r  d e g r e e  by 
a d d i t i o n a l  c o n s t r u c t i o n  elements .  



3. Cons t ruc t ive  measures  t o  improve t h e  q u a l i t y  o f  a  g u i t a r  model are 
mos t  e f f e c t i v e  f o r  t h o s e  c r i t e r i a  f o r  which  t h e  i n f l u e n c e  o f  t h e  
m a t e r i a l  on t h e  v a r i a t i o n s  w i t h i n  t h e  s e r i e s  i s  small. The lower  and 
middle  f requency  ranges up t o  1000 Hz are t h e  most impor t an t .  

I f  o n e  c o m p a r e s  t h e  c r i t e r i a ,  which  f rom t h i s  s t a n d p o i n t  s h o u l d  be  
g iven  p r i o r i t y  w i t h  t h e  c r i t e r i a  der ived  from t h e  s u b j e c t i v e  e v a l u a t i o n s ,  
Table 1 ,  t h e r e  is ,  f o r t u n a t e l y ,  a  l a r g e  measure o f  agreement:  The t h i r d  
resonance and t h e  ranges  of t h e  t h i r d  oc t aves  from 80 t o  125 Hz, 250 t o  
400 Hz, and 315 t o  500 Hz a r e  of t h e  g r e a t e s t  importance,  fo l l owed  by t h e  
Q - v a l u e  o f  t h e  f i r s t  r e s o n a n c e  and  t h e  peak  l e v e l  o f  t h e  s e c o n d  r e s o -  
nance. I n  comparison w i t h  t h e s e ,  t h e  o t h e r  cri teria a r e  o f  on ly  secon- 
dary  importance,  and a r e  of i n t e r e s t  on ly  when t h e  f i r s t  mentioned c r i t e -  
r i a  a r e  c l o s e  t o  being opt imal .  
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In t roduc t ion  

Acoustic measuring methods a r e  a v a i l a b l e  today,  which a l l o w  t h e  sound 
q u a l i t y  o f  g u i t a r s  t o  be  d e f i n e d  o b j e c t i v e l y  and  t o  b e  d e s c r i b e d  i n  
d e t a i l .  The b a s i s  i s  p r o v i d e d  by a  f r e q u e n c y  c u r v e  o f  t h e  sound  r a d i a -  
t i o n .  The c u r v e  i s  r e c o r d e d  i n  a n  a n e c h o i c  room w i t h  s i x  m i c r o p h o n e s  
arranged around t h e  i n s t rumen t  which i s  e x c i t e d  by an  e l e c t r o d y n a m i c a l  
sy s t em.  To o b t a i n  m e a s u r e s  o f  t h e  q u a l i t y  o f  g u i t a r s  w e  c a r r i e d  o u t  
l a rge - sca l e  l i s t e n i n g  t e s t s  w i th  g u i t a r s  o f  d i f f e r e n t  q u a l i t y .  The sub- 
j e c t i v e  e v a l u a t i o n  o f  t h e  i n s t rumen t s  is  r e l a t e d  t o  t h e  f requency  curves .  
The r e s u l t s  a l lowed a l i s t i n g  o f  t h e  sound q u a l i t y  c r i t e r i a  used i n  t h e  
eva lua t ion  of  t h e  frequency curves.  The measuring method a s  w e l l  as t h e  
r e l a t i o n s h i p s  b e t w e e n  t h e  s u b j e c t i v e  e v a l u a t i o n  a n d  t h e  o b j e c t i v e  
measurements were t h e  s u b j e c t  of  my f irst  paper. 

My second paper d e a l s  w i th  t h e  problem o f  s y s t e m a t i c a l l y  de t e rmin ing  
t h e  i n f luence  of c o n s t r u c t i o n a l  d e t a i l s  on t h e  e s t a b l i s h e d  q u a l i t y  c r i t e -  
r i a .  I n d i c a t i o n s  a r e  ob ta ined  f o r  improvements o f  t h e  i n s t rumen t s .  A s  

e x p e c t e d ,  c e r t a i n  c o n s t r u c t i o n a l  m e a s u r e s  e f f e c t  i m p r o v e m e n t s  w i t h  
r e s p e c t  t o  some c r i t e r i a  bu t  may a t  t h e  same time effect  changes f o r  t h e  
worse w i th  r e s p e c t  t o  o the r s .  Therefore ,  t h e  s i g n i f i c a n c e  o f  t h e  i n d i -  
v i d u a l  c r i t e r i a  mus t  be  b a l a n c e d  t o  e s t a b l i s h  p r i o r i t i e s  f o r  o p t i m a l  
so lu t ions .  I n  s e r i a l  product ion t h e  q u a l i t y  v a r i a t i o n s  w i t h i n  a  s e r i e s  
i s  an  impor tan t  ques t ion .  Cons t ruc t iona l  improvements o f  a g u i t a r  model 
w i l l  i n f l u e n c e  t h e  q u a l i t y  advantageously i f  t h e  v a r i a t i o n s  due t o  manu- 
f a c t u r i n g  a r e  no t  t o o  g rea t .  



Q u a l i t y  cr i ter ia  

We s e l e c t e d  e i g h t  c r i t e r i a  from t h e  19 q u a l i t y  cr i ter ia  d e r i v e d  i n  my 
prev ious  paper ,  and s t u d i e d  t h e i r  dependence upon c o n s t r u c t i o n a l  d e t a i l s .  

F i v e  o f  t h e s e  c r i t e r i a  c a n  be  o b t a i n e d  d i r e c t l y  f r o m  t h e  f r e q u e n c y  
curve  : 

1. t h e  q u a l i t y  f a c t o r  of  t h e  1 s t  resonance Q1,  

2. t h e  peak l e v e l  of t h e  2nd resonance L2, 

3. t h e  peak l e v e l  L3 of  t h e  t h i r d  resonance ,  
4. t h e  q u a l i t y - f a c t o r  Q3 11 11 11 11 , and 
5. t h e  resonance rise AL3 

11 11 11 It 

The o t h e r  t h r e e  c r i t e r i a  r e f e r  t o  t h e  a v e r a g e  l e v e l s  o f  t h e  f r e q u e n c y  
cu rves  i n  t h i r d  oc tave  bands: 

6. t h e  a v e r a g e  l e v e l  o f  t h e  t h i r d  o c t a v e s  f r o m  8 0  Hz t o  125  Hz = 

L80m1259 
7. t h e  a v e r a g e  l e v e l  o f  t h e  t h i r d  o c t a v e s  f r o m  250 Hz t o  400 Hz = 

L 2 5 ~ m 4 ~ ~ ,  and 
8.  t h e  a v e r a g e  l e v e l  o f  t h e  t h i r d  o c t a v e s  f r o m  315 Hz t o  500 Hz = 

I n  some c a s e s  it i s  a l s o  wor thwhi le  t o  extend t h e  i n v e s t i g a t i o n s  to :  
9 .  t h e  t o t a l  r a d i a t i o n  i n  t h e  range of  t h e  t h i r d  o c t a v e s  from 80 Hz t o  

1000 Hz (~80m1000)  , and 
10. t h e  average l e v e l  o f  t h e  t h i r d  oc t aves  from 800 Hz t o  1250 Hz. 

Tes t  method 

To de te rmine  t h e  i n f l u e n c e  o f  i n d i v i d u a l  c o n s t r u c t i o n a l  d e t a i l s  on the 

q u a l i t y  c r i t e r i a  mentioned, model tests were c a r r i e d  out .  Only one cons- 
t r u c t i o n a l  parameter  a t  a time was changed s y s t e m a t i c a l l y .  

To i n v e s t i g a t e  d i f f e r e n t  c o n s t r u c t i o n s  of  g u i t a r  t o p  p l a t e s  a  s p e c i a l  
"bodyv1 was u s e d ,  which  c o n s i s t e d  o f  a  r i g i d  f r a m e  e d g e  a n d  a  r i g i d  
bo t tom.  The v a r i o u s  t e s t  t o p s  were  g l u e d  t o  t h i s  body. The g l u e i n g  was 
done  o n l y  on a  n a r r o w  edge.  T h i s  f a s t e n i n g  o f  t h e  e d g e  c o r r e s p o n d e d ,  



f r o m  t h e  p o i n t  o f  v i e w  o f  v i b r a t i o n ,  t o  t h e  g l u e i n g  o f  a t o p  o n t o  a 
s t anda rd  g u i t a r  body. 

The v i b r a t i n g  e l emen t s  i n  t h e  model tests were r e s t r i c t e d  t o  t h e  t o p  
and t o  t h e  c a v i t y .  P re l imina ry  tests had shown t h a t  s t r i n g i n g  could  be  
d i s p e n s e d  w i t h  w i t h o u t  a f f e c t i n g  t h e  r e s u l t s .  The b r i d g e  l a r g e l y  i n -  
f l u e n c e s  t h e  v i b r a t i o n  behavior  i n  t h e  main frequency range. Therefore ,  
a l l  t o p  c o n s t r u c t i o n s  were t e s t e d  w i th  t h e  br idge  g lued  on. 

V ib ra t i on  modes 

To c l a r i f y  t h e  n a t u r e  o f  t h e  change o f  i n d i v i d u a l  c o n s t r u c t i o n a l  para-  
me te r s  i n  o r d e r  t o  i n f l u e n c e  t h e  v i b r a t i o n  behavior  a t  c e r t a i n  resonances  
a d e q u a t e l y ,  w e  f i r s t  t h o r o u g h l y  i n v e s t i g a t e d  t h e  s i g n i f i c a n t  modes o f  
v i b r a t i o n  of  c a v i t y  and top. I n  t h i s  paper ,  a  d e s c r i p t i o n  o f  t h e  c a v i t y  
v i b r a t i o n s  w i l l  be dispensed wi th ,  as t h i s  s u b j e c t  was d i s c u s s e d  w i t h  i n  
d e t a i l  by E.V. J a n s s o n  (1 ) .  We measu red  t h e  v i b r a t i o n  p a t t e r n s  o f  t h e  
t o p  p l a t e s  f o r  t h e  i n d i v i d u a l  resonances by means of  a  probe microphone. 
The mic rophone  was moved o v e r  t h e  t o p  p l a t e  a t  a  d i s t a n c e  o f  1  m m .  The 
t o p  p l a t e  was e x c i t e d  v i a  t h e  br idge  by t h e  same e l ec t rodynamica l  sys tem 
a s  was used f o r  t h e  record ing  of  t h e  frequency curves.  

I n  t h e  low f r e q u e n c y  r a n g e  t h e  t o p  p l a t e  v i b r a t e s  as  a w h o l e ,  i.e., 
w i t h o u t  b e i n g  s u b d i v i d e d  by n o d a l  l i n e s .  A s  l o n g  as  no  b r i d g e  h a s  b e e n  
g l u e d  on ,  t h e  l i n e s  o f  t h e  same v i b r a t i o n  a m p l i t u d e  i n  t h e  c a s e  o f  
r e s o n a n c e s  a r e  more o r  l e s s  c i r c u l a r .  The b r i d g e  makes  t h e  v i b r a t i o n  
p a t t e r n s  more e l l i p t i c  and a t  t h e  t o p  p l a t e  r e s o n a n c e ,  app rox .  200 Hz, 
c.f. l e f t h a n d  s i d e  o f  F ig .  1. The maximum v i b r a t i o n  a m p l i t u d e  i s  f o u n d  
i n  t h e  a r e a  of  t h e  bridge. 

I n  t h e  n e x t  h i g h e r  and i m p o r t a n t  t o p  p l a t e  r e s o n a n c e  ( i . e .  t h e  t h i r d  
t o p  p l a t e  resonance i n  Jansson9s  second paper  Fig. 6) t h e  p r i n c i p a l  p a r t  
o f  t h e  t o p ,  be low t h e  sound h o l e ,  i s  d i v i d e d  by a  t r a n s v e r s e  n o d a l  l i n e  
i n t o  two a r e a s  v i b r a t i n g  i n  o p p o s i t e  p h a s e s .  T h i s  r e s o n a n c e  g e n e r a l l y  
f a l l s  be tween  400 and 450 Hz and i s  t h e  " t h i r d  r e s o n a n c e n  o f  p a r t i c u l a r  
s i g n i f i c a n c e  f o r  t h e  g u i t a r  q u a l i t y .  T h i s  r e s o n a n c e  i s  e a s y  t o  e x c i t e  
f o r  t o p s  w i t h o u t  a  b r i d g e  w h e r e a s  i t  i s  s t r o n g l y  a f f e c t e d  by a t t a c h i n g  
t h e  br idge.  



The middle  s e c t i o n  o f  Fig. 1 shows t h e  ampl i t ude  d i s t r i b u t i o n  o f  t h e  
v i b r a t i n g  t o p  f o r  a  g u i t a r  w i th  t h i s  resonance r e l a t i v e l y  w e l l  developed. 
The two p a r t s  a r e  v i b r a t i n g  i n  oppos i t e  phases ,  t h e  lower  p a r t  having a 
s m a l l e r  area and a lower  maximum ampli tude.  Because o f  t h e  a symmet r i ca l  
d e s i g n  o f  t h e  s t i f f e n i n g  e l e m e n t s  on t h e  i n s i d e  o f  t h e  t o p ,  t h e  n o d a l  
l i n e  is asymmetr ica l  a s  wel l .  

Fig. 1. Vibra t ion  modes o f  g u i t a r  tops.  

The r i g h t  hand s e c t i o n  o f  F ig .  1 c o m p a r e s  t h e  n o d a l  l i n e s  o f  t h r e e  
d i f f e r e n t  g u i t a r s  c u r v e  ( a )  h a v i n g  been  t a k e n  o v e r  f rom t h e  m i d d l e  
s e c t i o n .  Curve ( b )  c o m b i n e s  t h e  v a l u e s  f o r  a g u i t a r  f o r  w h i c h  t h e  l o w e r  
a r e a  of  v i b r a t i o n  is  p a r t i c u l a r l y  s m a l l  and f o r  which t h e  t h i r d  resonance  
i n  t h e  sound r a d i a t i o n  c u r v e  i s  pronounced .  Curve  ( c )  b e l o n g s  t o  a n  
i n s t rumen t  f o r  which t h i s  resonance is  a l m o s t  suppressed.  The lower  a r e a  
o f  v i b r a t i o n  i s  p a r t i c u l a r l y  b road  b u t  i t s  maximum a m p l i t u d e  i s  o n l y  
somewhat s m a l l e r  than  t h a t  of  t h e  upper a r ea .  It appea r s ,  however, t h a t  
w i t h  t h e  n o d a l  l i n e  ( c )  r u n n i n g  t h r o u g h  t h e  m i d d l e  o f  t h e  b r i d g e ,  t h e  
e x c i t a t i o n  of t h i s  resonance i s  i n e f f i c i e n t .  



Sound r a d i a t i o n  

The sound r a d i a t i o n  o f  a  p l a t e  d i v i d e d  i n t o  t w o  areas v i b r a t i n g  i n  
oppos i t e  phases is c e r t a i n l y  compara t ive ly  poor. Cons iderab le  amounts o f  
v i b r a t i o n  energy mu tua l ly  cance l  each o t h e r  a s  a r e s u l t  o f  t h e  a c o u s t i c  
s h o r t  c i r c u i t .  However ,  t h e  g r e a t e r  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  
a c o u s t i c a l  c u r r e n t s  r a d i a t e d  from t h e  two a r e a s  t h e  smaller t h e  effect.  
I n  o r d e r  t o  ach i eve  t h e  most f avo rab l e  sound r a d i a t i o n ,  t h e  phase opposed 
a r e a s  should be d i f f e r e n t  i n  v i b r a t i o n  magnitudes ( t h e  ampl i t ude  o r  t h e  
v e l o c i t y  o f  t h e  l a r g e r  a r e a  s h o u l d  be  g r e a t e r  t h a n  t h a t  o f  t h e  smaller 
a r e a )  . 

The f i rs t  c o n d i t i o n ,  d i f f e r e n t  s i z e s  o f  t h e  v i b r a t i n g  a r e a s ,  c a n  
c l e a r l y  be  s e e n  f r o m  t h e  s h a p e  of  t h e  n o d a l  l i n e s  i n  F i g .  I c .  A t h i r d  
cond i t i on  can be s e e n  a s  wel l :  t o  f a c i l i t a t e  t h e  e x c i t a t i o n  o f  t h e  t h i r d  
r e s o n a n c e ,  t h e  n o d a l  l i n e  s h o u l d  n o t  r u n  t h r o u g h  t h e  m i d d l e  o f  t h e  
bridge. To comply w i t h  both cond i t i ons ,  one should obvious ly  d e s i g n  t h e  
t o p  t o  make t h e  noda l  l i n e  o r i g i n a t e  from t h e  "lower edgew o f  t h e  t o p  and 
run  as c l o s e l y  a s  p o s s i b l e  i n t o  t h e  br idge.  

P e r t u r b a t i o n  theo rv  

When t h e  p r i n c i p a l  r e s o n a n c e s  of  t h e  t o p  a re  r e q u i r e d  t o  r e a c h  as 
f a v o r a b l e  c o n d i t i o n s  o f  v i b r a t i o n  a s  p o s s i b l e ,  i t  i s  i n  f a c t  n e c e s s a r y  
f o r  t h e  t h i c k n e s s  o f  t h e  t o p  p l a t e  t o  be  v a r i e d .  Some s u c c e s s f u l  e x -  
per iments  w i th  g u i t a r  t o p s  w i th  t h i n n e r  zones , i n  t h e  p e r i p h e r a l  a r e a  o r  
c l o s e  t o  t h e  b r i d g e ,  have  been  r e p o r t e d  by W. K r u g e r  ( 2 ) .  He h a s  a l s o  
i n d i c a t e d  t h e  b a s i c  r e l a t i o n s h i p s  between t h e  t h i c k n e s s  d i s t r i b u t i o n  o f  
t h e  p l a t e  on t h e  one  hand and t h e  q u a l i t y  f a c t o r s  o f  t h e  r e s o n a n c e s  on 
t h e  o ther .  These p r o p e r t i e s  have a l s o  been i n v e s t i g a t e d  t h e o r e t i c a l l y  by 
M.E. McInt i re  and J. Woodhouse f o r  r e c t a n g u l a r  p l a t e s  (3) .  

Fig. 2 shows t h e  form of v i b r a t i o n  f o r  t h e  two l o w e s t  resonances  o f  a 
square  p l a t e  and a f u n c t i o n  31 d e t e r m i n a t i v e  f o r  t h e  resonance damping. 
The form of  v i b r a t i o n  g i v e s  t h e  maximum d e v i a t i o n  o f  t h e  p l a t e  from t h e  
rest p o s i t i o n .  F u n c t i o n  P i s  a  s o - c a l l e d  p e r t u r b a t i o n  f u n c t i o n ,  t h e  
t e r m  l l p e r t u r b a t i o n "  r e f e r r i n g  t o  t h e  d e v i a t i o n  f r o m  a  u n i f o r m  p l a t e  
t h i cknes s .  



vibration mode perturbation function 9 
Mode -II 

l" resonance 

2d resonance 

Fig. 2. Vibration modes of rectangular plates (from McIntire & Woodhouse 
1978) 

As the right-hand sections of Fig. 2 show, function 3 can assume both 
positive and negative values, the straight lines entered corresponding to 
the original plane. The relationship between the plate thickness and the 
quality of the resonance is as follows: In the areas in which 3 shows 
positive values, an increase of the plate thickness results in an 
increase of the resonance Q-factor, whereas a reduction of the plate 
thickness results in a reduction of the Q-factor. The opposite applies 
to the areas in which D is negative. The higher the absolute value of p,  
the stronger this effect. 

Perturbation a~~lications 

When applying these results to guitar tops, the vibration patterns 
(modes) shown in Fig. 1 must be taken as a basis. The first resonance 

of the square plate corresponds to the second resonance of the guitar 
body and the second resonance of the square plate to the third resonance 
of the guitar (The first guitar resonance is attributed to the cavity). 
This means that' the upper part, the upper two patterns, of Fig. 2 can be 



transferred to the guitar resonance at 200 Hz (and, to a limited extent, 
also the resonance at 100 Hz because of the coupling of the two lowest 
guitar resonances) and the lower part to the guitar resonance at 400 Hz. 

+'+ areas of positive values of 5 + 
Fig. 3. Simplified areas of the perturbation function of guitar tops. 

This transformation is shown in Fig. 3 but it has to be pointed out 
that an exact calculation of the function 3 for the complicated geometry 
of the guitar is not easy to make. Fig. 3a shows the distribution of 
function P for the fundamental resonances, the area in which the 3 -va- 
lues are positive being marked with small crosses. From this figure it 
can be seen that the quality-factor of the resonances is increased when a 
mass is added in the middle of the top. This effect is particularly 
important in the investigations with different bridges. 

In analogy with Fig. 2, the third resonance of the guitar is based on 
a nodal line which runs in a transverse direction. The nodal line 
divides the guitar top into two more or less equal areas. As a first 
approximation of the 33 -function, we see two rhombs as shown in Fig. 3b 



i n  a n a l o g y  w i t h  t h e  r e s u l t s  f o r  t h e  s q u a r e  p l a t e .  F ig .  3 c  s h o w s  a  n o d a l  
l i n e  cor responding  t o  t h e  real c o n d i t i o n s  o f  a g u i t a r  top. The o r i g i n a l  
l i n e s  o f  t h e  a) - func t ion  are d i s t o r t e d ,  which r e s u l t s  i n  a  p a r t i a l  d i s -  
placement  o f  t h e  a r e a s  f o r  p o s i t i v e  33 -values. It can  now c l e a r l y  be seen  
t h a t  a d d i t i o n a l  masses i n  t h e  b r idge  a r e a  d e c r e a s e  t h e  Q- fac to r  of  t h e  
t h i r d  resonance. It would, however, be advantageous t o  have a d d i t i o n a l  
masses i n  t h e  areas of  v i b r a t i o n  above and below t h e  bridge. 

Cons t ruc t ion  d e t a i l s  and q u a l i t y  

L e t  u s  now c o n s i d e r  t h e  i n f l u e n c e  o f  g u i t a r  t o p  d e t a i l s  on t h e  
i n s t rumen t  q u a l i t y .  

Genera l ly ,  t h e  t o p  i s  s t i f f e n e d  w i t h  so -ca l l ed  s t r u t s ,  which are g lued  
l o n g i t u d i n a l l y  under it. The s t r u t s  used i n  o u r  exper iments  had a  c r o s s  
s e c t i o n  o f  5 X 5 mm and were 220 m m  long. 

The des ign  o f  t h e  t o p  w i t h  s t r u t s  can be changed by vary ing  e i t h e r  t h e  
number o r  t h e  p o s i t i o n  o f  t h e  s t r u t s .  T h e r e  are  t h r e e  b a s i c  s t r u t  
arrangements:  they  can be arranged i n  p a r a l l e l ,  t hey  can converge from 
t h e  sound h o l e  t o w a r d s  t h e  b o t t o m ,  o r  t h e y  c a n  d i v e r g e  t o w a r d s  t h e  
bo t tom.  I n  a l l  t h e s e  c a s e s ,  t h e  s t r u t s  are  a l m o s t  a s  l o n g  as  t h e  l o w e r  
t o p  p l a t e  a r e a  and t h e  number o f  s t r u t s  can va ry  between t h r e e  and nine.  
It should be mentioned i n  pas s ing  t h a t  i n  a f e w  r a r e  ca se s ,  g u i t a r s  have 
s h o r t e r  s t r u t s  which a r e  a r ranged  v e r t i c a l l y  t o  one another .  

We f i r s t  s t u d i e d  t h e  ques t i on ,  which o f  t h e  t h r e e  b a s i c  s t r u t  a r r ange -  
ments,  i s  t h e  most advantageous. The i n v e s t i g a t i o n s  showed t h a t ,  on t h e  
w h o l e ,  t h e  a r r a n g e m e n t  w i t h  d i v e r g i n g  s t r u t s  i s  t h e  mos t  a d v a n t a g e o u s  
from t h e  a c o u s t i c  p o i n t  of view. This  form a l s o  b e s t  f i ts  t h e  widening of  
t h e  t o p  p l a t e  towards t h e  bottom. With p a r a l l e l  s t r u t s ,  t h e  sound r a d i a -  
t i o n  i s  somewhat l e s s  advantageous i n  wide frequency ranges;  bu t  t hey  do 
c o n t r i b u t e  t o  a good b a l a n c e  i n  t h e  f r e q u e n c y  r a n g e  above  1250  Hz. In 



t h e  c a s e  o f  c o n v e r g i n g  s t r u t s ,  t h e  l e v e l  o f  t h e  t o t a l  r a d i a t i o n  i s  a l s o  
lowered,  bu t  t h e  t h i r d  resonance is  somewhat more pronounced. 

Even when l i m i t i n g  t h e  t o p  p l a t e  c o n s t r u c t i o n s  t o  a r rangements  w i t h  
s t r u t s  converging towards t h e  bottom, t h e  c o n s t r u c t i o n s  depend on s e v e r a l  
v a r i a b l e s :  t h e  number and t h e  p o s i t i o n  of  s t r u t s  ( t h e  p o s i t i o n  o f  e a c h  
p a i r  of  s t r u t s  i f  t h e  arrangement is symmetric).  When i n v e s t i g a t i n g  up t o  
n i n e  s t r u t s ,  f i v e  v a r i a b l e s  s h o u l d  h a v e  t o  be c o n s i d e r e d  as a  b a s i s  o f  
t h e  i n d i v i d u a l  q u a l i t y  c r i t e r i a .  

The r e l a t i o n s h i p s  between c o n s t r u c t i o n a l  d e t a i l s  and q u a l i t y  c r i t e r i a  
a r e  complicated. A six-dimensional  r e p r e s e n t a t i o n  of  t h e  r e s u l t s  is  n o t ,  
f o r  i n s t a n c e ,  s u f f i c i e n t .  Summary c r i t e r i a  have t o  be found t o  d e s c r i b e  
t h e  d i f f e r e n t  cons t ruc t ions .  

Fig.  4 .  Gu i t a r  t o p  wi th  s t r u t s .  

The e v a l u a t i o n s  showed t h a t  t h e  " c e n t e r  o f  g r a v i t y  o f  t h e  s t r u t s  i n  
one h a l f  of t h e  t o p  p l a t e "  p l ays  an impor t an t  r o l e .  The p o s i t i o n  o f  t h e  
i n d i v i d u a l  s t r u t s  i s  d e f i n e d  by t h e i r  d i s t a n c e  - a ,  c.f., F i g .  4, f rom t h e  
c e n t e r  l i n e  a t  t h e  lower  edge. Thus, t h e  c e n t e r  o f  g r a v i t y  is g iven  by s 
= .X a / n ,  whe re  - n i s  t h e  number o f  t h e  s t r u t s  i n  o n e  h a l f  o f  t o p  p l a t e ,  
' inc lud ing  t h e  c e n t e r  s t r u t .  



I n  many c a s e s ,  t h e  number o f  t h e  s t r u t s  and  t h e i r  c e n t e r  o f  g r a v i t y  
d e s c r i b e  t h e  c o n s t r u c t i o n  o f  t h e  t o p  q u i t e  p r e c i s e l y .  More-over ,  i t  
proved  i m p o r t a n t  t o  i n v e s t i g a t e  w h e t h e r  un i form d i s t a n c e s  between t h e  
s t r u t s  produce b e t t e r  sound than  nonuniform d i s t a n c e s  and which p o s i t i o n s  
a r e  t h e  most f avo rab l e  f o r  t h e  arrangement o f  t h e  s t r u t s .  

Number o f  s t r u t s  

A s  an  example f o r  measurement r e s u l t s  o f  d i f f e r e n t  s t r u t  a r rangements ,  
F ig .  5, s h o w s  t h a t  t h e  a v e r a g e  l e v e l  o f  t h e  t h i r d  o c t a v e s  f r o m  80  t o  
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Fig. 5. In f luence  of t h e  number of  s t r u t s  on t h e  averaged  l e v e l  L80m125. 



125 Hz depend upon t h e  number o f  s t r u t s .  The r e s u l t s ,  w i t h  t h e  b r i d g e  
glued on to  t h e  t o p  p l a t e ,  are p l o t t e d  as s i n g l e  p o i n t s  and t h e  r anges  o f  
l e v e l  v a r i a t i o n s ,  w i t h o u t  t h e  b r i d g e ,  a re  shaded .  The p o s i t i o n  o f  t h e  
p o i n t s  w i t h i n  t h e s e  v a r i a t i o n  r a n g e s  shows t h a t  t h e  a t t a c h e d  b r i d g e  
r e s u l t s  i n  a  more o r  less pronounced r educ t ion  of  t h e  l e v e l  - a r e d u c t i o n  
o f  3 dB on t h e  a v e r a g e .  

Furthermore, i t  can be s een  t h a t  t h e  o v e r a l l  l e v e l  d e c r e a s e s  w i t h  an  
i n c r e a s i n g  number o f  s t r u t s ,  about  1 dB f o r  each a d d i t i o n a l  s t r u t .  Tak- 

i n g  no account  of  t h e  t o p  p l a t e  wi thout  o r  wi th  on ly  one s t r u t ,  a maximum 

position of center of gravity - 
Fig. 6. In f luence  of  t h e  p o s i t i o n  of  s t r u t s  on L80m125* 

l e v e l  is  found f o r  f i v e  s t r u t s .  The va lues  a r e  most un favo rab l e  f o r  s i x  
o r  e i g h t  s t r u t s ,  i.e., f o r  arrangements  wi thout  a  c e n t e r  s t r u t .  

The d i f f e r e n t  p o i n t s  w i th  t h e  same number a r e  ob t a ined  w i t h  t h e  s t r u t s  
i n  d i f f e r e n t  pos i t i ons .  The d i f f e r e n c e s  can be i n t e r p r e t e d  w i t h  t h e  a i d  
o f  F ig .  6. A s  c a n  r e a d i l y  be  s e e n ,  t h e  l e v e l  i s  h i g h e r ,  t h e  more t h e  
c e n t e r  o f  g r a v i t y  o f  t h e  s t r u t  a r r a n g e m e n t  i s  s h i f t e d  t o w a r d s  t h e  o u t -  
s i d e .  With s e v e n  s t r u t s ,  a b o u t  1  dB i s  g a i n e d  p e r  c e n t i m e t e r  o f  t h e  
s h i f t i n g  of  t h e  c e n t e r  of g r a v i t y ,  t h e  i n f l u e n c e  be ing  somewhat smaller 



w i t h  fewer s t r u t s .  For a  s t i f f e r  m a t e r i a l  t h e  i n f l u e n c e  of t h e  s t r u t s ,  
i.e. t h e i r  p o s i t i o n  of t h e  c e n t e r  o f  g r a v i t y ,  is  more notable .  

I n f luence  o f  s t r u t s  i n  d e t a i l  

The e v a l u a t i o n  o f  t h e  f r e q u e n c y  c u r v e s  f o r  t h e  d i f f e r e n t  s t r u t  - 
ar rangements  showed t h a t  t h e  e f f e c t s  produced on t h e  i n d i v i d u a l  c r i t e r i a  

Fig. 7. I n f luence  of  s t r u t s  on t h e  q u a l i t y  judgements o f  g u i t a r s .  

a r e  v e r y  d i f f e r e n t .  A g e n e r a l  v i e w  of t h e s e  r e s u l t s  i s  p r o v i d e d  by 
F ig .  7 ,  which shows t h e  r e l a t i o n s h i p  b e t w e e n  t h e  s t r u t  a r r a n g e m e n t  
d e t a i l s  and t h e  a c o u s t i c  e f f i c i e n c y  i n  t h e  form o f  a  t a b l e .  The r e s u l t s  
a r e  c l a s s i f i e d  s i m p l y  a s  p o s i t i v e  (+), o r  n e g a t i v e  ( - ) ,  and  t h e  s i g n  ( 0 )  
i n d i c a t i n g  no e f f e c t  o r  no uniform e f f e c t .  I n  d e t a i l ,  t h e  f o l l o w i n g  can 
be concluded from t h i s  f i g u r e :  
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An inc reased  number of s t r u t s ,  which is  f avo rab l e  f o r  t h e  u n i f o r m i t y  
o f  s e r i a l  p r o d u c t i o n ,  on t h e  whole  h a s  a  r a t h e r  n e g a t i v e  i n f l u e n c e  
upon sound r a d i a t i o n .  The op t ima l  s o l u t i o n  is never  more t han  seven  
s t r u t s .  S i x  o r  seven s t r u t s  a r e  f avo rab l e  f o r  t h e  development o f  t h e  
t h i r d  resonance,  whereas f i v e  s t r u t s  c o n t r i b u t e  t o  an  improved over-  
a l l  r a d i a t i o n .  

A s t r u t  arrangement  wi th  t h e  c e n t e r  o f  g r a v i t y  far towards  t h e  o u t -  
s i d e  is more f avo rab l e  on t h e  whole, bu t  does n o t  g i v e  a s t r o n g  t h i r d  
resonance.  

A nonuniform spac ing  of  t h e  s t r u t s  is f avo rab l e  w i t h  r e s p e c t  t o  some 
c r i t e r i a  and is never  a  disadvantage. 

A s t r u t  a r r a n g e m e n t  w i t h  o n e  s t r u t  a l o n g  t h e  c e n t e r  l i n e  o f f e r s  
a d v a n t a g e  w i t h  r e s p e c t  t o  some c r i t e r i a  and  n e v e r  p r o v e s  t o  be  
b a s i c a l l y  disadvantageous. 

The d i s t a n c e  between t h e  i n n e r  s t r u t s  should be about  4.5 c m ,  i f  pos- 
s i b l e .  F o r  t h e  d e e p  sound componen t s  a  somewhat  c l o s e r  s p a c i n g  i s  
f a v o r a b l e ,  w h e r e a s  a d i s t a n c e  o f  up t o  a b o u t  6 cm i s  more a d v a n -  
tageous f o r  t h e  middle  r e g i s t e r .  

S t r u t s  a r r a n g e d  c l o s e  t o  t h e  e n d s  o f  t h e  b r i d g e ,  i.e., a t  a  d i s t a n c e  
of  8 - 10 cm from t h e  c e n t e r  l i n e ,  f avo r  t h e  development of  t h e  t h i r d  
r e s o n a n c e ,  b u t  t h e y  a l s o  r e s u l t  i n  a  d e c r e a s e  i n  t h e  l e v e l  o f  t h e  
second resonance and a  s l i g h t  decrease  of  t h e  o v e r a l l  r a d i a t i o n .  

S t r u t s  a t  a  d i s t a n c e  o f  b e t w e e n  12 and 14 cm f r o m  t h e  c e n t e r  l i n e  
a d v e r s e l y  a f f e c t  t h e  d e v e l o p m e n t  o f  t h e  t h i r d  r e s o n a n c e  b u t  a r e  
f avo rab l e  f o r  t h e  o v e r a l l  r a d i a t i o n  a s  w e l l  as f o r  t h e  low register. 

S t r u t s  a t  a  d i s t a n c e  o f  16 cm and more  f rom t h e  c e n t e r  l i n e  a r e  
f avo rab l e  f o r  a lmos t  a l l  c r i t e r i a .  



One c r o s s  b race  

The model tests w i t h  d i f f e r e n t  s t r u t  a r rangements  showed t h a t  stif- 
f en ing  o f  t h e  t o p  p l a t e  by a r r ang ing  t h e  s t r u t s  l e n g t h w i s e  and t h e  br idge  
c ros swi se  is very  unfavorab le  f o r  t h e  development o f  t h e  t h i r d  resonance. 
Thus,  t h e  i d e a  o f  t r y i n g  t o  s t i f f e n  t h e  t o p  p l a t e  by a r r a n g i n g  t h e  
e l e m e n t s  t r a n s v e r s e l y  s u g g e s t e d  i t s e l f .  C r o s s  b r a c e s ,  s u c h  a s  f o r  t h e  
g u i t a r  back  p l a t e ,  were used.  These  b r a c e s  had  a s e c t i o n  o f  8 X 16 m m .  
I n  t w o  t e s t  s e r i e s ,  t h e  main  a r e a  o f  t h e  t o p  p l a t e  was p r o v i d e d  w i t h  
e i t h e r  one o r  two o f  t h e s e  c r o s s  braces.  

Fig. 8. Inf luence  of t h e  p o s i t i o n  o f  one c r o s s  b r a c e  on L 3 1 5 ~ 5 0 0 '  

The b a s i c  arrangement  of an  a d d i t i o n a l  c r o s s  b r a c e  is  shown i n  Fig. 8. 
The o n l y  v a r i a b l e  p a r a m e t e r  i s  t h e  c r o s s  b r a c e  p o s i t i o n ,  wh ich  i s  t h e  
d i s t a n c e  from t h e  c r o s s  bar  below t h e  sound ho le ,  d iv ided  by t h e  o v e r a l l  
l e n g t h  o f  t h e  main a rea .  According t o  t h i s  d e f i n i t i o n ,  t h e  c e n t e r  l i n e  
o f  t h e  b r i d g e  i s  a t  a / l  = 0.46. 

A s  a n  example ,  F ig .  8 shows  r e s u l t s  wh ich  were o b t a i n e d  w i t h  two  
plywood t o p s  d i f f e r i n g  somewhat i n  t h e  d e n s i t y  of t h e  m a t e r i a l  (weight )  
and t h e  modulus o f  e l a s t i c i t y  ( s t i f f n e s s ) .  However, i t  must be remembered 
he re  t h a t  t h e  d e n s i t y  v a r i e s  a s  much a s  2% i n  t h e  same t o p  p l a t e  and t h a t  
t h e  e l a s t i c  modulus  may v a r y  even  by u p  t o  7%. The l a t t e r  v a l u e  a l s o  
involves  d i r e c t i o n a l  dependence w i t h i n  t h e  plywood. Compared t o  t h e  t o p  



,- 

p l a t e  i n d i c a t e d  by p o i n t s ,  t h e  d e n s i t y  o f  t h e  t o p  i n d i c a t e d  by f i l l e d  
squa re s  is  4% less and t h e  e l a s t i c  modulus i s  11% smaller. B a s i c a l l y  the  

two curves have a  similar shape w i t h  a c l e a r  minimum f o r  t h e  c r o s s  b r a c e  
c l o s e r  above  t h e  b r i d g e .  The a r e a  c l o s e  t o  t h e  sound h o l e  i s  f a v o r a b l e  
f o r  t h e  c r o s s  brace ,  both t o p  p l a t e s  g i v i n g  approximate ly  t h e  same l e v e l .  
Advantageous  p o s i t i o n s  a r e  a l s o  found  f a r  be low t h e  b r i d g e .  I n  t h i s  
a r e a ,  t h e  s t i f f e r  t o p  p l a t e s  p r o v e  t o  be  c o n s i d e r a b l y  b e t t e r ,  as t h e  
sound l e v e l s  reached a r e  h ighe r  t han  those  w i t h  t h e  c r o s s  b race  c l o s e  t o  
t h e  sound hole.  

L aoom 1250 

Fig.  9.  I n f l u e n c e  o f  t h e  p o s i t i o n  o f  one  c r o s s  b r a c e  on  t h e  q u a l i t y  
judgements of  g u i t a r s .  

The r e s u l t s  f o r  t h e  o t h e r  c r i t e r i a  a r e  shown s c h e m a t i c a l l y  i n  Fig. 9. 
The a r e a s  o f  t h e  c r o s s  b r a c e  p o s i t i o n s ,  wh ich  p r o d u c e  r e l a t i v e l y  
favorab le  va lues  f o r  t h e  i n d i v i d u a l  c r i t e r i a ,  a r e  shaded. It can be s een  
t h a t  t h e  c o n d i t i o n s  a r e  advantageous f o r  most o f  t h e  c r i t e r i a ,  when t h e  
c r o s s  b r a c e  i s  e i t h e r  c l o s e l y  be low t h e  sound h o l e  ( t h e  v a l u e s  f o r  a / l  
b e i n g  app rox .  0.1, i .e. ,  app rox .  3 cm) o r  when t h e  c r o s s  b r a c e  i s  a t  a 
c e r t a i n  d i s t a n c e  be low t h e  b r i d g e  ( t h e  a / l  v a l u e s  b e i n g  app rox .  0.65, 
i.e., approx .  19 cm). I n  t h e  l a t t e r  c a s e ,  t h e  r a d i a t i o n  a t  t h e  f r e -  

quenc ies  around 1000 Hz (Laoom 250) a r e  f avo rab l e  as w e l l ,  whereas it  is  
unfavorable  w i th  t h e 8 c r o s s  bar  placed i n  t h e  v i c i n i t y  o f  t h e  sound hole .  
A t  a / l  v a l u e s  s l i g h t l y  be low 0.6, t h e r e  i s  a n  i n t e r e s t i n g  c o m b i n a t i o n :  
s t r o n g  low and h i g h  r e g i s t e r s ,  weake r  m i d d l e  r e g i s t e r ,  b u t  w i t h  a v e r y  



d i s t i n c t  t h i r d  resonance. The area which i n c r e a s e s  t h e  q u a l i t y - f a c t o r  Q, 
does n o t  ove r l ap  w i th  t h e  a r e a s  f avo rab l e  f o r  t h e  o t h e r  cri teria.  

Two c r o s s  b races  

The b a s i c  a r r a n g e m e n t  o f  t w o  a d d i t i o n a l  c r o s s  b r a c e s  t o  s t i f f e n  t h e  
t o p  i s  shown i n  F ig .  10. Here t h e  v a r i a b l e  p a r a m e t e r  i s  t h e  s p a c i n g  o f  
t h e  t w o  c r o s s  b r a c e s ,  a s y m m e t r i c  p o s i t i o n  i n  r e l a t i o n  t o  t h e  b r i d g e  
a lways  being assumed. The b r idge  p o s i t i o n  is t h e  same a s  i n  t h e  a r range-  
ment w i t h  one c r o s s  brace  o r  w i t h  s t r u t s .  

Fig.  10. I n f l u e n c e  o f  t h e  p o s i t i o n  o f  t w o  c r o s s  b r a c e s  on t h e  q u a l i t y  
judgements of  g u i t a r s .  

The r e s u l t s  o f  t h e s e  t e s t s  c a r r i e d  o u t  w i t h  two c r o s s  b races  a r e  shown 
schema t i ca l l y  i n  Fig. 10. A s  can be seen ,  t h e s e  t o p  a r rangements  do n o t  
a l l o w  s u c h  a  g r e a t  number o f  c r i t e r i a  t o  be  o p t i m i z e d  as i n  t h e  c a s e  o f  
t o p s  w i t h  o n l y  one  c r o s s  b r a c e .  The b e s t  c o m b i n a t i o n  f o r  a b / l  r a n g e  
between 0.58 and 0.60 j u s t  cove r s  s i x  c r i t e r i a ,  r e f e r r i n g  both t o  t h e  low 
and t o  t h e  medium frequency range. These b / l  v a l u e s  i n d i c a t e  a d i s t a n c e  
be tween  t h e  two  b r a c e s  o f  a b o u t  16 cm. V a l u e s  o f  b / l  b e t w e e n  0.6 and  
0.87 s t i l l  cover  f i v e  c p i t e r i a ,  t h e  t h i r d  resonance,  however, n o t  being 
s o  d i s t i n c t l y  marked. A c o n s t r u c t i o n  wh ich  i s  a l s o  f a v o r a b l e  f o r  t h e  
f r e q u e n c i e s  a r o u n d  1000 Hz i s  o b t a i n e d  w i t h  b / l  v a l u e s  b e l o w  0.3, i .e. ,  
t h e  c r o s s  braces  would have t o  be spaced a t  about  8  cm. 



Unconventional s t i f f e n i n a  elements  

A l l  t o p  c o n s t r u c t i o n s  d e s c r i b e d  a b o v e  r e f e r  t o  p l a t e s  o f  a c o n s t a n t  
t h i c k n e s s  and t o  s t i f f e n i n g  e l e m e n t s  o f  s t anda rd  t ype  and a r rangement .  
The i n i t i a l  c o n s i d e r a t i o n s  of  t h e  i n f l u e n c e  of  non-uniform mass d i s t r i -  
bu t ion  and non-uniform t h i c k n e s s  of  t h e  t o p  p l a t e  are n o t  accounted for. 

It a p p e a r s ,  howeve r ,  q u i t e  r e a s o n a b l e  t o  t e s t  t h e  p o t e n t i a l i t i e s  by  
apply ing  t h e  t h e o r e t i c a l  cons ide ra t i ons  on t h e  form o f  v i b r a t i o n .  Plywood 
tops ,  i.e. p l a t e s  w i t h  a  uniform t h i c k n e s s ,  aga in  provide  a  good s t a r t i n g  
p o i n t  (such t o p s  are a l s o  r e p r e s e n t a t i v e  o f  t h e  inexpens ive  manufac tu re  
o f  q u i t a r s ) .  The t o p s  were  f u r n i s h e d  w i t h  d i f f e r e n t  mass  c o v e r s  a n d  
s t i f f e n i n g  elements .  The c o n s t r u c t i o n s  are shown i n  t h e  head column o f  
F ig .  11. 

When a r r a n g i n g  t h e  s t r u t s  o f  t o p  A ,  we a t t e m p t e d  t o  l i m i t  t h e  
a d d i t i o n a l  e lements  t o  t h e  a r e a s  i n  which f u n c t i o n  D assumes p o s i t i v e  
values.  According t o  t h e  same p r i n c i p l e ,  two small plywood p l a t e s  ( e a c h  
10 g  i n  w e i g h t )  a r e  g l u e d  t o  t o p  B. However ,  l a r g e l y  due  t o  t h e  v e r y  
d e e p  t u n i n g  i n v o l v e d  i n  t h i s  s t e p ,  t h i s  t o p  i s  o f  t h e o r e t i c a l  s i g n i -  
f i c a n c e  on ly  as a t r a n s i t i o n  t o  t h e  f o l l o w i n g  t o p  forms. The forms  C and 
D a r e  n o t  on ly  provided wi th  t h e s e  s m a l l  p l a t e s  but  i n  a d d i t i o n  t h e  o u t e r  
a r e a  of  t h e i r  t o p s  is  s t i f f e n e d .  I n  t h e  E and F  des ign ,  t h e  c e n t e r  f i e l d  
of  t h e  t o p  is s t i f f e n e d ,  and f o r  G t h e  s t i f f n e s s  of  t h e  middle  p o r t i o n  is  
reduced whereas t h e  mass of t h e  s m a l l  p l a t e s  is i n c r e a s e d  aga in .  A s  a n  
example t o  demons t ra te  t h e  oppos i t e ,  t o p  H w i th  shor tened  s t r u t s  l e a v e s  
t h e  lower  range o f  p o s i t i v e  D -values  free and has  a p a r t i c u l a r l y  s t i f f  

c e n t e r  por t ion .  

A s  t h e  l a r g e  number o f  c r i t e r i a  and  c o n s t r u c t i o n a l  d e t a i l s  d o e s  n o t  
a l l o w  t h e  d e t a i l e d  r e s u l t s  t o  be  g i v e n ,  t h e  t a b l e  shown i n  F ig .  1 1  w i l l  
be taken as a  s t a r t i n g  po in t  f o r  e x p l a i n i n g  t h e  most s i g n i f i c a n t  r e s u l t s .  
I n  t h i s  t a b l e ,  t h e  measurement r e s u l t s  are a g a i n  c l a s s i f i e d  i n t o  t h r e e  
groups: f avo rab l e  (+), t o l e r a b l e  (o) ,  and unfavorable  (-) values .  

A s  t h e  first resonance of  t h e  g u i t a r  body i s  b a s i c a l l y  a  c a v i t y  r e s o -  
nance, t h e  v i b r a t i o n a l  behavior  o f  which is in f luenced  by t h e  r e s i l i e n c e  
of t h e  w a l l ,  t h e  va lues  f o r  t h e  q u a l i t y - f a c t o r  of  t h i s  resonance  d i f f e r  



Fig.  11. I n f l u e n c e  of t h e  t op  c o n s t r u c t i o n  on t h e  q u a l i t y  judgements o f  
g u i t a r s .  



f o r  t h e  v a r i o u s  t o p s  w i t h i n  on ly  a r e l a t i v e l y  narrow range.  The l o w e s t  
and, t hus ,  most f a v o r a b l e  va lue  is  a t t a i n e d  w i t h  t o p  B, f o r  which main ly  
t h e  mass has  been inc reased  and t h e  s t i f f n e s s  t o  a lesser degree.  Almost 
equa l ly  good r e s u l t s  were obta ined  f o r  t ops  E and H which are adequa te ly  
s t i f f e n e d  i n  t h e  c e n t e r  bu t  no t  t o o  s t r o n g l y  on t h e  per iphery .  

The average  l e v e l  va lue  L80m125, too ,  i s  f avo rab ly  i n f l u e n c e d  by t h e  
mass i n c r e a s e  o f  t h e  a d d i t i o n a l  small p l a t e s  a l though t h e y  were p r i m a r i l y  
adapted t o  t h e  v i b r a t i o n s  of  t h e  t h i r d  resonance. The maximum va lue  is 
o b t a i n e d  w i t h  t o p  B ,  a d d i t i o n a l  s t i f f e n i n g  r e s u l t s  i n  a d e c r e a s e .  The 
q u a l i t a t i v e  o r d e r  shows t h a t  s t i f f e n i n g  on t h e  pe r iphe ry  still  g i v e s  good 
v a l u e s  ( t o p  D), w h e r e a s  a  s t i f f e n i n g  i n  t h e  c e n t e r  area r e d u c e s  t h e  
l eve l .  This  phenomenon can be expla ined  by t h e  form o f  v i b r a t i o n s  ( t h e  
t o p  v i b r a t i n g  as a  whole) g i v i n g  maximum bending i n  t h e  c e n t e r  a rea .  The 
small a d d i t i o n a l  masses have a  p o s i t i v e  i n f l u e n c e  on t o p  G ,  whereas t o p  H 

w i th  t h e  e s p e c i a l l y  s t i f f e n e d  c e n t e r  a r e a  and t h e  u n s t i f f e n e d  lower  edge 
a r e a  is ex t remely  bad. 

The development o f  t h e  second resonance is  most f a v o r a b l e  w i t h  t o p  A,  

s i n c e  - a s  it is shown i n  Fig. 3a - p r a c t i c a l l y  a l l  a d d i t i o n a l  e l emen t s  
were  w i t h i n  t h e  r a n g e  o f  t h e  p o s i t i v e  v a l u e s  o f  t h e  3 - f u n c t i o n .  
F u r t h e r m o r e ,  f o r  t h e  mos t  p a r t ,  t h e y  f o l l o w  l i n e s  o f  e q u a l  v i b r a t i o n  
ampl i tude  s o  t h a t  t hey  a r e  no t  sub j ec t ed  t o  bending stress and,  t h u s ,  a c t  
predominantly a s  masses (weights) .  Among t h e  combina t ions  o f  a d d i t i o n a l  
mass  and s t i f f e n i n g ,  t o p  D a g a i n  p r e s e n t s  t h e  b e s t  v a l u e s .  Thus ,  i t  i s  
impor tan t  t o  provide a s t i f f e n i n g  ex tending  i n t o  t h e  bo rde r  a r e a ,  which 
means t h a t  t h e  shor tened  s t r u t s  of  t o p  H a r e  ex t r eme ly  bad. 

With r e s p e c t  t o  t h e  development of  t h e  t h i r d  resonance ,  t h e  measure- 
ments gave t h e  fundamental r e s u l t ,  t h a t  a h igh  l e v e l  is n o t  n e c e s s a r i l y  
c o n n e c t e d  w i t h  a  h i g h  q u a l i t y - f a c t o r .  T h i s  i s  u s u a l l y  t h e  c a s e  w i t h  
s imple  resonance c i r c u i t s .  The maximum q u a l i t y - f a c t o r  i s  obta ined  w i t h  
t o p  H which has  an ex t remely  low l e v e l .  A s  opposed t o  t h i s ,  t o p  A ,  where 
no a d d i t i o n a l  e lement  ove r l aps  w i t h  t h e  nodal  l i n e  acco rd ing  t o  Fig. 1, 
i s  p a r t i c u l a r l y  a d v a n t a g e o u s  w i t h  r e s p e c t  b o t h  t o  t h e  l e v e l  and t o  t h e  
q u a l i t y - f a c t o r .  The l a t e r a l  s t i f f e n i n g  ( o f  t o p  D) d o e s  n o t ,  on t h e  
whole, i n f luence  t h e  t h i r d  resonance as f avo rab ly  a s  t h e  r e in fo rcemen t  by 
a  c e n t e r  s t r u t  ( t op  E ) ,  a l though t h e  s t i f f e n i n g  extended i n t o  t h e  border  



a r e a  r e s u l t s  i n  a  v e r y  h i g h  peak  l e v e l .  The a d d i t i o n a l  e l e m e n t s  o f  t h e  
small-mass p l a t e s  ( t o p  G )  m u s t  be  r e g a r d e d  a s  q u i t e  a d v a n t a g e o u s ;  t h i s  
means t h a t  t h e s e  s m a l l  p l a t e s  m i g h t  even  have  a somewha t  l a r g e r  mass. 
S i m i l a r l y ,  t h e  t o p  p l a t e  w i t h  masses wi thout  s t r u t s  (B) proves f a v o r a b l e ,  
a s  t h e  a d d i t i o n a l  e lements  are arranged accord ing  t o  t h e  f u n c t i o n  D i n  
F ig .  3. 

F o r  t h e  sound r a d i a t i o n  i n  t h e  o v e r l a p p i n g  f r e q u e n c y  r a n g e s  o f  t h e  
t h i r d  o c t a v e s  f rom 250 Hz t o  400 Hz and  315 Hz t o  500  Hz, t h e  r e s u l t s  
o b t a i n e d  a re  v e r y  similar.  Only f o r  t o p  B h i g h e r  l e v e l s  r e s u l t  i n  t h e  
h ighe r  and f o r  t o p  E i n  t h e  l ower  of  t h e  two ranges.  On t h e  whole,  t o p  A 

aga in  is very  f avo rab l e  bu t  t o p  D s t i l l  y i e l d s  a somewhat h i g h e r  va lue ,  
which  p r o b a b l y  is a  r e s u l t  o f  t h e  s t i f f e n i n g  o f  t h e  b o r d e r  area. A 
s t i f f e n i n g  a l o n g  t h e  c e n t e r  l i n e  ( t o p  E )  and  i n  i t s  v i c i n i t y  ( t o p  F)  i s  
s t i l l  t o  be regarded a s  r e l a t i v e l y  favorab le .  It is disadvantageous  t o  
p l ace  t h e  s t i f f e n i n g  i n  t h e  a r e a  more o r  l e s s  i n  t h e  middle  between t h e  
c e n t e r  l i n e  and t h e  b o r d e r .  The s h o r t e n e d  s t r u t s  o f  t o p  H a g a i n  g i v e  
minimal  sound r a d i a t i o n .  

D i f f e r e n t  b r idge  des igns  

I n  a l l  t h e  measurements r e f e r r e d  t o  above, t h e  same b r idge  was used. 
Technica l ly ,  t h e  f r equen t  g l u e i n g  of  t h e  br idge  t o  t h e  t o p  p l a t e  and its 
remov.al  were  . f a c i l i t a t e d  by a  t h i n  s h e e t  o f  p a p e r  i n  t h e  g l u e  l a y e r ,  
which  a l s o  was u sed  i n  f a s t e n i n g  t h e  t o p  t o  t h e  body. To d e t e r m i n e  t h e  
i n f luence  of t h e  br idge  m a t e r i a l  and forms ,  f u r t h e r  s e r i e s  o f  measure- 
m e n t s  w e r e  c a r r i e d  o u t .  F i r s t ,  b r i d g e s  o f  t h e  s t a n d a r d  f o r m  b u t  o f  
d i f f e r e n t  kinds of  wood were g lued  t o  s e v e r a l  tops .  F i n a l l y ,  b r i d g e s  o f  
a  modif ied shape were i n v e s t i g a t e d .  

Norma l ly ,  g u i t a r  b r i d g e s  c o n s i s t  o f  a h i g h e r  c e n t e r  s e c t i o n  a b o u t  
75 m m  i n  l e n g t h  and  two l o w e r  s i d e  s e c t i o n s  a b o u t  50 m m  i n  l e n g t h ,  t h e  
wid th  o f  t h e  br idge  being c o n s t a n t  over  t h e  whole l e n g t h  and j u s t  under 
30 m m .  The c e n t e r  s e c t i o n  c a r r i e s  t h e  s o - c a l l e d  s a d d l e  ( t h e  b r i d g e  
i n s e r t )  which forms t h e  proper  end boundary c o n d i t i o n s  f o r  t h e  v i b r a t i n g  
s t r i n g .  The l a t e r a l  s e c t i o n s  p r o b a b l y  s e r v e  m a i n l y  t o  i n c r e a s e  t h e  
s u r f a c e  glued on to  t h e  t op  and thus  f u l f i l 1  a  predominant ly  s t a t i c  func- 
t i o n .  They may a l s o  i n f l u e n c e  t h e  v i b r a t i o n a l  b e h a v i o r  o f  t h e  t o p .  



Within t h e  scope o f  t h e  i n v e s t i g a t i o n s ,  t h e  l a t e r a l  s e c t i o n s  were s y s t e -  
m a t i c a l l y  reduced t o  l e s s e n  t h e  b r idge  mass. The s t i f f n e s s  a l s o  v a r i e s  
accord ing  t o  t h e  r e s u l t i n g  shape o f  t h e  bridge. 

Fig. 12. I n f luence  of  t h e  br idge  on t h e  q u a l i t y  judgements o f  g u i t a r s .  
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i n  t h e  case o f  t h e  mass  r e d u c t i o n  i n  s y s t e m  B. A s  opposed  t o  t h i s ,  t h e  
h e i g h t  o f  t h e  l a t e r a l  s e c t i o n s  o f  s h a p e  E i s  r e d u c e d  w i t h  t h e  s u r f a c e  
remaining u n a l t e r e d ,  s o  t h a t  t h e  s t i f f n e s s  is reduced t o  a  g r e a t e r  e x t e n t  
t h a n  i n  t h e  c a s e  o f  B and  D. 

Fig. 12 shows t h e  advantages and d isadvantages  o f  t h e  d i f f e r e n t  b r idge  
s h a p e s  a n d  w e i g h t s  i n  t h e  fo rm o f  a t a b l e .  When c o n s i d e r i n g  f i r s t  
b r idges  o f  t h e  customary shape and des ign ,  i t  becomes appa ren t  t h a t  w i t h  
h e a v i e r  b r i d g e s ,  t h e  r a d i a t i o n  c a n  be s l i g h t l y  i m p r o v e d  f o r  t h e  l o w  
f r e q u e n c i e s .  A t  h i g h e r  f r e q u e n c i e s ,  t h e  p o s i t i v e  and  t h e  n e g a t i v e  
i n f l u e n c e s  o f  t h e  weight  p r a c t i c a l l y  balance each  o the r .  However, i t  has  
t o  be noted t h a t  f o r  some top  d e s i g n s  l i g h t e r  b r i d g e s  are more f a v o r a b l e  
f o r  t h e  development of  t h e  t h i r d  resonance; t h i s  cannot ,  however, be s een  
i n  d e t a i l  i n  F ig .  12. 

The o t h e r  l i n e s  o f  F i g .  1 2  g i v e  a  s i m p l i f i e d  c l a s s i f i c a t i o n  o f  t h e  
advantages and d isadvantages  of  t h e  modified b r i d g e  shapes  as compared t o  
t h e  s t a n d a r d  s h a p e  A. A r e m a r k a b l e  a s p e c t  o f  t h e s e  r e s u l t s  i s  t h a t  t h e  
b r i d g e  o f  s h a p e  F, which  i s  r e d u c e d  t o  t h e  c e n t e r  s e c t i o n ,  r e s u l t s  i n  a 
cons ide rab l e  improvement of a lmos t  a l l  c r i t e r i a  i n  comparison w i t h  t h e  

- s t a n d a r d  s h a p e .  T h i s  b r i d g e  f o r m  would h a v e  t o  be  g i v e n  a b s o l u t e  
p r e f e r e n c e  o v e r  a l l o t h e r  m o d i f i e d  b r i d g e s ,  i f  t h e  s u r f a c e ,  r e d u c e d  t o  
l e s s  t h a n  t h e  h a l f ,  p r o v e s  s t i l l  l a r g e  enough t o  be  g l u e d  t o  t h e  t o p .  
Wi th  t h i s  b r i d g e  fo rm i t  i s  f a v o r a b l e ,  by t h e  way,  t o  h a v e  a w e i g h t  a s  
low a s  pos s ib l e .  

The r e s u l t s  o b t a i n e d  f o r  b r i d g e  s h a p e s  B t o  E c l e a r l y  show,  t h a t  n o t  
e v e r y  f o r m  o f  s h o r t e n i n g  o r  w e i g h t  r e d u c t i o n  o f  t h e  b r i d g e  i s  a n  
advantage. The most f avo rab l e  way is  t o  u n i f o r m l y  s h o r t e n  t h e  l a t e r a l  
s e c t i o n s  by a b o u t  one  t h i r d  o f  t h e i r  l e n g t h ,  a c c o r d i n g  t o  s h a p e  B. 

Al though t h i s  m e a s u r e  d o e s  n o t  i m p r o v e  t h e  d e v e l o p m e n t  o f  t h e  t h i r d  
r e s o n a n c e ,  t h e  r a d i a t i o n  i s  c l e a r l y  i n c r e a s e d  i n  t h e  l o w  a s  w e l l  a s  i n  
t h e  middle r e g i s t e r  wi thout  any nega t ive  i n f l u e n c e  on t h e  o t h e r  q u a l i t y  
c r i t e r i a .  

On t h e  b a s i s  of  t h e  f avo rab l e  a c o u s t i c a l  r e s u l t s  ob t a ined  w i t h  shape F 

and remembering t h a t  t h e  g lue ing  a r e a  of  t h i s  form i s  less than  h a l f  t h a t  
of  shape A ,  t e s t s  were c a r r i e d  o u t  w i t h  a b r i d g e  o f  shape G. Th i s  b r idge  
i s  o f  t h e  same l e n g t h  a s  s h a p e  F o r  t h e  c e n t e r  s e c t i o n  o f  s h a p e  A ,  i .e . ,  



only  t h e  l e n g t h  r e q u i r e d  t o  accomodate t h e  s t r i n g s .  A s  compared t o  t h e  
s tandard  b r idges ,  however, i t  is t w i c e  t h e  wid th  i n  o r d e r  t o  i n c r e a s e  t h e  
g l u e i n g  a r e a .  To s a v e  mass ,  t h e  h e i g h t  o f  t h e  l o w e r  h a l f  i s  o n l y  o n e  
t h i r d  of  t h e  h e i g h t  o f  t h e  upper h a l f ,  i.e., t h e  l o w e r  h a l f  i s  as h igh  as 
t h e  u sua l  l a t e r a l  s e c t i o n s .  

Shape  G ,  w h i c h  f rom a m e c h a n i c a l  p o i n t  o f  v i e w  c a n  be  r e g a r d e d  as 
equ iva l en t  t o  t h e  s t anda rd  form because o f  t h e  l a r g e  g l u e i n g  area, o f f e r s  
c l e a r  a d v a n t a g e s  w i t h  r e s p e c t  t o  t h e  v a s t  m a j o r i t y  o f  t h e  a c o u s t i c a l  
c r i t e r i a .  When comparing t h e  br idge  shape G w i t h  t h e  smaller b r i d g e  F, 
t h e  a c o u s t i c a l  c h a r a c t e r i s t i c s  o f  a lmos t  a l l  c r i t e r i a  are e q u a l l y  good, 
t h e  t h i r d  resonance being even somewhat more pronounced. Because of t h e  
h ighe r  weight  o f  t h e  br idge  of  shape G,  on ly  t h e  sound r a d i a t i o n  i n  t h e  
r a n g e  o f  t h e  t h i r d  o c t a v e s  f rom 250 Hz t o  400 Hz and  t h e  q u a l i t y - f a c t o r  
o f  t h e  f i r s t  resonance  a r e  somewhat less favorab le .  

Other c o n s t r u c t i o n a l  d e t a i l s  

A s  compared  w i t h  t h e  p r o p e r t i e s  o f  t h e  t o p ,  t h e  i n f l u e n c e  o f  o t h e r  
c o n s t r u c t i o n a l  d e t a i l s  upon t h e  q u a l i t y  o f  g u i t a r s  i s  o f  on ly  secondary 
s i g n i f i c a n c e .  An i n c r e a s e  i n  t h e  c a v i t y  vo lume  c a n  b e  o b t a i n e d ,  f o r  
example ,  by i n c r e a s i n g  t h e  h e i g h t  o f  t h e  s i d e s .  It  r e s u l t s  i n  a s l i g h t  
improvement i n  t h e  low frequency range but  some small d e t e r i o r a t i o n  i n  
t h e  medium frequency range. 

The s i z e  o f  t h e  sound h o l e ,  t o o ,  h a s  o n l y  a  v e r y  weak i n f l u e n c e  upon 
t h e  q u a l i t y .  The o v e r a l l  r a d i a t i o n  o f  t h e  g u i t a r ,  i.e., t h e  a v e r a g e  
l e v e l  o f  t h e  t h i r d  o c t a v e s  f r o m  80 Hz t o  1000 Hz i n c r e a s e s  w i t h  a n  
i n c r e a s e  o f  t h e  sound ho le  d i ame te r ,  but  f o r  o t h e r  c r i te r ia  t h e r e  seems 
t o  be an optimum i n  t h e  range of  t h e  u sua l  d imens ions ,  i.e. a d i a m e t e r  of  
some 90 mm. This  means t h a t  t h e  sound h o l e  s i z e  should  be modi f ied  o n l y  
w i t h i n  v e r y  n a r r o w  l i m i t s .  The d i a m e t e r  o f  t h e  s o u n d  h o l e  s h o u l d  be  
r e g a r d e d  m a i n l y  a s  a  d e t a i l  i n  t h e  f r e q u e n c y  t u n i n g  o f  t h e  c a v i t y  
resonance. 

A s  compared t o  t h i s ,  t h e  q u a l i t y  o f  t h e  mater ia l  o f  t h e  t o p  p l a t e  i s  
of  g r e a t e r  s i g n i f i c a n c e ,  i n  p a r t i c u l a r  when plywood is used. P a r t i c u l a r -  
l y  i n  t o p  c o n s t r u c t i o n s  w i t h  c r o s s  b r a c e s  i t  i s  n o t i c e a b l e  t h a t  t h e  



s t i f f e n i n g  e f f e c t  o f  t h e  a d d i t i o n a l  e lements  a p p e a r s  on ly  i n  t h e  c r o s s  
d i r e c t i o n .  The s t i f f n e s s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  depends on ly  upon 
t h e  p l a t e  m a t e r i a l  and is, t h e r e f o r e ,  comple te ly  s u b j e c t  t o  t h e  m a t e r i a l  
v a r i a t i o n s .  The i n f l u e n c e  i s  s t r o n g e s t  i n  t h e  medium f r e q u e n c y  r a n g e  
w h e r e ,  f o r  e x a m p l e ,  a n  e l a s t i c  modulus  h i g h e r  by 7% r e s u l t s  i n  a n  
i n c r e a s e  o f  t h e  resonance l e v e l  o f  up t o  3 dB. 

The q u a l i t y  v a r i a t i o n s  o f  t o p  c o n s t r u c t i o n s  w i t h  s t r u t s  are much less 
i m p o r t a n t .  The c r o s s  s t i f f e n i n g  as a r e s u l t  o f  t h e  b r i d g e  i s  comple-  
mented  by t h e  l o n g i t u d i n a l  s t i f f e n i n g  p roduced  by t h e  s t r u t s .  The t o p  
p l a t e  m a t e r i a l  a lone  is n o t  t h e  de te rmin ing  f a c t o r  f o r  t h e  s t i f f n e s s  of 
t h e  t o p  i n  a n y  d i r e c t i o n .  The f o c a l  p o i n t  o f  weak i n f l u e n c e  o f  t h e  
material i s  found a t  f r equenc i e s  lower  than  t h e  d e s i g n s  w i t h  w i t h  c r o s s  
braces .  
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PANEL DISCUSSIONS 

The musician,  t h e  i n s t rumen t  maker, and t h e  s c i e n t i s t  may work w i t h  
t h e  same s u b j e c t  m a t t e r ,  i.e., m u s i c  and  m u s i c a l  i n s t r u m e n t s  b u t  t h e y  
o f t e n  u se  d i f f e r e n t  languages as t h e y  have d i f f e r e n t  e d u c a t i o n s  and work 
w i t h  d i f f e r e n t  conceptua l  frameworks. For t h i s  r ea son  it was dec ided  t o  
have two pane l  d i s c u s s i o n s  t o  b r idge  d i f f e r e n c e s  i n  background and i d e a s ,  
and combine t h e  exper ience  of t h e  p l a y e r  and of  t h e  maker,  r e s p e c i t v e l y ,  
w i t h  t h a t  o f  t h e  m u s i c  a c o u s t i c s  s c i e n t i s t .  The t w o  p a n e l  d i s c u s s i o n s  
"The G u i t a r  and  t h e  P l a y e r t 8  and  "The G u i t a r  and  t h e  Maker8' f o l l o w i n g  
below a r e  summarized by Er ik  Jansson,  t h e  moderator  of  t h e  panels .  

I. THE G U I T A R  AND THE PLAYER 

Four prominent g u i t a r  p l a y e r s  were i n v i t e d  t o  t h e  pane l :  Bo Dahlman, 
R o l f  l a  F l e u r ,  P e d e r  R i i s  and J o r g e n  Rorby. They r e p r e s e n t  t h e  g u i t a r  
t e a c h e r ,  t h e  chamber musician and t h e  s t u d i o  mus i c i an  as well a s  t h e  
l u t e  p layer .  Three main t o p i c s  were d i scussed :  t h e  i d e a l  g u i t a r ,  d e s i r e d  
p r o p e r t i e s  of  t h e  g u i t a r ,  t h e  p l a y e r  and music a c o u s t i c s .  

The i d e a l  g u i t a r  

A l l  p l a y e r s  a g r e e d  t h a t  t h e r e  was  no  i d e a l  a l l  p u r p o s e  g u i t a r .  They 
a l s o  agreed t h a t  t h e  first vo ice  i n  g u i t a r  t r i o s  and q u a r t e t s  demands a 
g u i t a r  w i t h  s p e c i a l  p r o p e r t i e s ,  no t ab ly  a  more c a r r y i n g  t o n e  o f  t h e  f irst  
s t r i n g .  

Bo Dahlman: A s  I have  n o t  been  a b l e  t o  f i n d  a n  i d e a l  g u i t a r ,  I b r i n g  
s e v e r a l  g u i t a r s  t o  my performances.  I want t o  be a b l e  t o  v a r y  t i m b r e  and 
d u r a t i o n  more. 



R o l f  l a  F l e u r :  T h e r e  a r e  d i f f e r e n t  ways t o  s e l e c t  t h e  i d e a l  g u i t a r .  One 
g u i t a r  may work well f o r  some music bu t  n o t  f o r  o t h e r  music. The g u i t a r  
may b e  c h o o s e n  a c c o r d i n g  t o  t h e  c h a r a c t e r  o f  mus i c .  I n  e a r l y  po lypho-  
n i c a l  m u s i c  a g u i t a r  w i t h  a l o n g  and  e v e n  t o n e  may be  s u i t a b l e .  I n  more 
r o m a n t i c  o r  S p a n i s h  m u s i c  a g u i t a r  w i t h  a f a s t  " a t t a c k n  i s  p r e f e r a b l e .  
Another approach is t o  select a  nwhiten,  "neu t r a lw  i n s t r u m e n t  and l e a v e  
t h e  v a r i a t i o n s  t o  t h e  p l a y e r .  A t h i r d  way i s  t o  p l a y  t h e  m u s i c  on  
a u t h e n t i c  i n s t rumen t s ,  or  r e p l i c a s ,  i.e., l u t e  music  on t h e  l u t e ,  baroque 
m u s i c  on  t h e  ba roque  g u i t a r  e t c .  T h i s  l a s t  a l t e r n a t i v e  would  make f o r  
very  l a b o r i o u s  c o n c e r t s  f o r  t h e  player .  

JBrgen RBrby: Although "my g u i t a r N  is  no t  i d e a l  f o r  a l l  music,  I on ly  use  
t h i s  one. I n  t r i o  p lay ing  t h e  t h r e e  g u i t a r s  o f  t h e  t r i o  should sound l i k e  
t h r e e  d i f f e r e n t  g u i t a r s .  The i n s t r u m e n t s  seem t o  s u p p o r t  e a c h  o t h e r  - 
what is  mis s ing  i n  one i n s t rumen t  is  supp l i ed  by t h e  o the r s .  

Rolf l a  F leur :  I n  duo p lay ing  it is similar. An i n d i v i d u a l  d i f f e r e n c e  is  
necessary  t o  g i v e  t h e  due t  cha rac t e r .  I n  music t r a n s c r i b e d  f o r  t h e  g u i t a r  
t h e r e  is  o f t e n  a problem, when t h e  l a r g e r  range o f  t h e  o r i g i n a l  i n s t r u -  
ments can no t  be used. 

P e d e r  R i i s :  The p e r f o r m e r s  may p roduce  s u f f i c i e n t  d i f f e r e n c e  b e t w e e n  
v o i c e s .  S t i l l  we u s e  t h e  u s u a l  s i x - s t r i n g e d  g u i t a r  s u p p l e m e n t e d  w i t h  
Georg Bolinps A l t g i t a r r  t o  make it e a s i e r  t o  s e p a r a t e  t h e  v o i c e s  i n  our  
g u i t a r  q u a r t e t .  F o r  my s o l o  g u i t a r  I wan t  a n  e v e n  t o n e  f o r  t h e  who le  
p lay ing  range  w i t h  no tones  o f  s i n g u l a r  de fec t s .  

Lute music on t h e  a u i t a r  

The p l a y e r s  a l l  agreed t h a t  t h e  l u t e  and t h e  g u i t a r  are two d i f f e r e n t  
i n s t rumen t s ,  but  t h a t  l u t e  music can be played on t h e  g u i t a r .  

Peder R i i s :  The l u t e ,  however, h a s  a  d i f f e r e n t  c h a r a c t e r  - " b r i t t l e  and 
c l e a r t 1 ,  which  makes t h e  i n d i v i d u a l  v o i c e s  s t a n d  o u t .  The s t r o n g  f u n d a -  
mental  of  t h e  g u i t a r  o f t e n  makes t h e  bas s  i n d i s t i n c t  i n  l u t e  music. 



Rolf l a  F leur :  With t h e  r i g h t  number o f  s t r i n g s  and t h e  r i g h t  t un ing  a l l  
e a r l y  music can be  played on modern ins t ruments .  But t h e  l u t e  is n o t  o n l y  
a d i f f e r e n t  i n s t r u m e n t ,  i t  was  a l s o  p l a y e d  d i f f e r e n t l y  a r t i c u l a t i n g  
between "heavyw and " l igh tn .  For t h e  o r d i n a r y  g u i t a r  p l a y e r  i t  should b e  
much easier t o  s h i f t  between a s i x - s t r i n g e d  g u i t a r  and t o  Ceorg B o l i n ~ s  

11-str inged A l t g i t a r r  t h a n  t o  t h e  l u t e .  

Jorgen Rorby: It is most hones t  t o  t h e  g u i t a r  t o  p l a y  it as a g u i t a r  and 
n o t  t o  t r y  t o  i m i t a t e  t h e  l u t e .  The g u i t a r  demands a c e r t a i n  k i n d  o f  
a c t i v i t y  t o  o b t a i n  t h e  t o n e ,  which  i s  n o t  p o s s i b l e  w i t h  t h e  p l a y i n g  
technique  o f  t h e  l u t e .  I p r e f e r  t h e  A l t g i t a r r  t o  unproper  l u t ep l ay ing .  

Des i r ab l e  p r o p e r t i e s  o f  t h e  g u i t a r  

The g u i t a r  p l a y e r  g e n e r a l l y  wants more volume, a s t r o n g e r  tone  from 
h i s  i n s t rumen t ,  bu t  no t  a t  t h e  p r i c e  of a  l o s s  i n  t o n a l  q u a l i t y .  

Rolf l a  F leur :  The g u i t a r  has  s p e c i a l  q u a l i t i e s ,  which must  n o t  be l o s t .  
It is  an o b t r u s i v e  i n s t rumen t  w i th  s u b t l e  g r a d a t i o n s ,  which should n o t  be 
ove rpowered  by a n  i n c r e a s e d  t o n e  volume.  I n  a d d i t o n  t h e r e  s h o u l d  be  a 
balance between what you hea r  and what you s e e ,  a l a r g e  h a l l  should mean 
a  weak sound. The l a r g e  modern conce r t  h a l l  is a  l i t t l e  t o o  l a r g e  f o r  t h e  
g u i t a r .  

Peder R i i s :  The s t r i n g s  a r e  another  impor t an t  f a c t o r  - w i t h  "exhaustedw 
bass  s t r i n g s  t h e  g u i t a r  does n o t  sound much. 

J o r g e n  Rorby: When Bo Dahlman and I p e r f o r m e d  i n  t h e  s c h o o l s  r e c e n t l y ,  
t h e  c h i l d r e n  p re fe r ed  our  f a i r l y  s imp le  a c o u s t i c a l  Japanese  g u i t a r  w i t h  a 
b u i l t  i n  microphone connected t o  a  loudspeaker  t o  t h e  e x c l u s i v e  c l a s s i c a l  
g u i t a r .  I am a f r a i d  t h a t  t h e  school  c h i l d r e n  do n o t  pay a t t e n t i o n  t o  t h e  
d e l i c a t e  g r a d a t i o n s  o f  t h e  c l a s s i c a l  g u i t a r .  

Bo Dahlman: I would l i k e  t o  t e a c h  c h i l d r e n  t o  l i s t e n  t o  t h e  d i f f e r e n t  
q u a l i t i e s  of  t h e  g u i t a r s ,  and no t  on ly  t o  t h e  e l e c t r i c  g u i t a r .  



On "Timbre dynamicsw 

Rolf la Fleur: In my opinion there are sufficient possibilities to vary 
the timbre. Different positions as ponticello and tastiera give large 

differences and Ferdinando Sor gives direct rules. However, instruments 
may be rather different. Some instruments give the desired timbre for 

large variations in plucking position, others give the desired timbre 
only for one position. The player all the time works to discover the 
instrument - to get the most out of it. 

The auitar ~laver and music acoustics 

Bo Dahlman: I would like to have a system that predicts what happens for 
different ways of playing, an acoustical procedure for testing the 
instruments, and an instrument whose tonal character could be changed 
more. 

Rolf la Fleur: I would like to know more about the function of my instru- 
ment and to follow how your different acoustical fingerprints develop for 
the guitar. I would like to know what can be said to be false and what 
true, i.e. tell which myths and experiences are acoustically founded and 
which are not. I feel though that the music acoustics can contribute more 
to the maker than to the player. 

Peder Riis: I also think that music acoustics can contribute more to the 
maker than the player. There are so many subjective factors involved in 
playing - I can feel that my guitar is poor one day, but still consider 
it best in the world the next day. The guitar has not changed, but I 
have. 

Jorgen Rorby: The quality of the strings is a serious problem. When I buy 
strings I may have to buy three or four sets to obtain one complete 
useful set. If laboratory tests could measure string properties and 
provide string makers with the information about desired properties of 
strings much should be accomplished. It is not the same problem for the 
lute. 



Bo Dahlman: I f i n d  i t  very i n t e r e s t i n g ,  bu t  still a l i t t l e  f r i g h t e n i n g ,  
i f  e v e r y t h i n g  I d o  when p l a y i n g  i s  measu red  - b u t  on  t h e  o t h e r  h a n d  I 
never  p lay  a p i e c e  o f  music e x a c t l y  t h e  same twice.  

Conclusion 

Our d i s c u s s i o n  can be summarized b r i e f l y  a s  fo l l ows :  There is no i d e a l  
a l l  p u r p o s e  g u i t a r .  G u i t a r  t r i o s  and  q u a r t e t s  demand a more  c a r r y i n g  
first s t r i n g  t han  does  t h e  s o l o  g u i t a r .  Genera l ly  t h e  p l a y e r  wants  more 
t o n a l  vo lume f rom h i s  g u i t a r ,  b u t  n o t  a t  t h e  p r i c e  o f  a l o s s  o f  o t h e r  
q u a l i t i e s .  We s h a l l  remember t h a t  t h e  ob t ru s ivenes s  and s u b t l e  g r a d a t i o n s  
a r e  a  g e n e r a l  q u a l i t y  mark of  t h e  g u i t a r .  Lute music can be played on t h e  
g u i t a r  o r  p r e f e r a b l y  on G. B o l i n p s  A l t g i t a r r ,  b u t  w i l l  n o t  be  t h e  same 

b e c a u s e  o f  g e n e r a l  d i f f e r e n c e s  i n  i n s t r u m e n t  c o n s t r u c t i o n  and  p l a y i n g  
techniques.  Music a c o u s t i c s  can h e l p  t h e  p l a y e r  by deve loping  p rocedures  
t o  t e s t  g u i t a r  and s t r i n g  p r o p e r t i e s ,  wh ich  c o u l d  s p e c i f y  demands  f o r  
manufacturers .  

11. THE GUITAR AND THE MAKER. 

Three h igh ly  q u a l i f i e d  g u i t a r  makers were i n v i t e d :  Georg Bo l in ,  Kar l -  
E r i k  Gummesson and L a r s  Jonsson .  Two o f  t h e  m a k e r s  a r e  s i n c e  l o n g  w e l l  
e s t a b l i s h e d :  Georg Bolin has  a  s t r o n g  i n t e r e s t  i n  deve loping  new i n s t r u -  
ments,  as f o r  i n s t a n c e  t h e  I1Altgitarrfl and Karl-Erik Gummesson w i t h  a n  
e q u a l l y  s t r o n g  i n t e r e s t  i n  making  e a r l y  i n s t r u m e n t s  s u c h  a s  Ba roque  
g u i t a r s  and Bandoras .  Lars J o n s s o n  r e p r e s e n t s  t h e  young ,  coming  g e n e -  
r a t i o n  o f  g u i t a r  m a k e r s . F o u r t o p i c s  w e r e  d i s c u s s e d :  t h e  i m p o r t a n c e  o f  
t h e  m a t e r i a l ,  t h e   maker,^ way o f  w o r k i n g  and  t o n a l  p r o p e r t i e s ,  a n d  t h e  
maker and music acous t i c s .  

The importance o f  t h e  m a t e r i a l .  

A l l  make r s  a g r e e d  t h a t  a l l  p a r t s  o f  t h e  g u i t a r  a re  i m p o r t a n t  t o  t h e  
q u a l i t y  of  t h e  f i n i s h e d  ins t rument .  The t o p  p l a t e  is t h e  most i m p o r t a n t ,  



b u t  t h e  back  and  t h e  s i d e s  a l s o  i n f l u e n c e  t h e  t o n a l  q u a l i t y .  The t o p  
p l a t e  m a t e r i a l  and i t s  b r a c i n g  s t r u c t u r e  s h o u l d  be  m a t c h e d ,  i.e., a  t o p  
p l a t e  of a less s t i f f  wood needs a s t i ffer  bracing.  

Georg Bolin:  The growth o f  t h e  wood is most impor tan t .  The wood should  
have narrow g r a i n s  but  a  s t r a i g h t  growth is even more impor tan t .  

Karl-Erik Gummesson: D i f f e r e n t  materials a r e  used i n  d i f f e r e n t  t y p e s  o f  
g u i t a r s  - Rosewood i n  C l a s s i c a l  g u i t a r s  and Cypress i n  Flamenco g u i t a r s .  

La r s  Jbnsson: I have made two g u i t a r s  i d e n t i c a l  i n  every  r e s p e c t  bu t  w i t h  
d i f f e r e n t  wood i n  s i d e s  and back: one wi th  Rosewood and t h e  second w i t h  

Afr ican  Padouk. The Rosewood g u i t a r  produced a t o n e  w i t h  more ttweightg!, 
t h e  Padouk a  l i g h t e r  more t r a n s p a r e n t  tone. 

The maker 'S way o f  working. 

Georg Bolin: The making of  g u i t a r s  is  no s e c r e t ,  bu t  every  maker has  h i s  
own method, which i n f l u e n c e s  t h e  q u a l i t y .  I g l u e  back and s i d e s  t o g e t h e r  
first and t h e r e a f t e r  t h e  t o p  p l a t e  and t h e  neck. The g l u e i n g  method p l a y s  
a n  i m p o r t a n t  r o l e .  By u s i n g  lVhot  glue1! and  g l u e i n g  t h e  s t r u t s  w i t h  d i f -  
f e r e n t  t i m e  i n t e r v a l s  I c a n  g i v e  t h e  t o p  b u i l t - i n  s t r a i n s  t o  o b t a i n  a  
b a l a n c e  be tween  t h e  t o p  and t h e  s t r i n g s .  A s  I u s u a l l y  do  n o t  f i n d  t h e  
d e s i r e d  b a l a n c e  d i r e c t l y ,  I t u n e ,  a d j u s t ,  t h e  g u i t a r  a f t e r  i t  h a s  been  
assembled. 

K a r l - E r i k  Gummesson: I u s u a l l y  b u i l d  my g u i t a r s  i n  th ,e  S p a n i s h  way. 
After h a v i n g  t h i n n e d  down t h e  t o p  p l a t e ,  I g l u e  t h e  c r o s s  b a r s  and  t h e  
f a n  s t r u t s ,  t une  t h e  p l a t e  by c u t t i n g  down t h e  braces .  F i n a l l y  I g l u e  t h e  
s i d e s  and  t h e  back. Much o f  t h e  a d j u s t m e n t s  a r e  made on i n t u i t i o n .  The 
t o p  p l a t e  should have a  s p e c i f i c  s t i f f n e s s ,  which sets t h e  f requency  o f  
t h e  f u n d a m e n t a l  g u i t a r  r e s o n a n c e .  U s u a l l y  t h e  r e s o n a n c e  f r e q u e n c y  i s  
a d j u s t e d  t o  A 220 Hz. A somewhat  l o w e r  f r e q u e n c y ,  G f l a t ,  g i v e s  a w a r m  
and b e a u t i f u l  tone. The A-frequency produces produces a  l i t t l e  "s t ing"  i n  
t h e  t o n e .  I n c r e a s i n g  t h e  f r e q u e n c y  t o  A s h a r p ,  g i v e s  a c l e a r e r  b u t  
ltsharper1I tone ,  which c a r r i e s  i n  ensemble p lay ing .  

Lars  Jonsson: The most impor tan t  t h i n g  f o r  me is t h a t  I am s a t i s f i e d  w i t h  



t h e  i n s t r u m e n t  I a m  making. My way o f  work ing  i s  t h a t  I b u i l d  n t w i n t l  o r  
" t r i p l e t w  i n s t r u m e n t s ,  w i t h  on ly  s m a l l  d i f f e r e n c e s  between them. After 
assembl ing  I p l a y  t h e  i n s t rumen t s  and no te  t h e  p h y s i c a l  p r o p e r t i e s  as t h e  
e igentones ,  weight  and main des ign  parameters ,  and t h e  m u s i c a l  q u a l i t i e s .  
The b e s t  i n s t r u m e n t  s e r v e s  as a guide  f o r  t h e  f o l l o w i n g  in s t rumen t s .  It 

is  a  s low way of  working, s o  sometimes I have in t roduced  r a d i c a l  changes. 

The g u i t a r  and t h e  t one  q u a l i t y .  

K a r l - E r i k  Gummesson: The e a r l i e r  i n s t r u m e n t s  were b u i l t  a c c o r d i n g  t o  
o t h e r  p r i n c i p l e s  t h a n  t h e  i n s t r u m e n t s  o f  today. During t h e  r e n a i s s a n c e  
t h e  d e e p  f u l l  t i m b r e  was n o t  d e s i r e d .  T h e r e f o r e  t h e  i n s t r u m e n t s  were 
c o n s t r u c t e d  t o  g i v e  a  weak f u n d a m e n t a l  and s t r o n g  h i g h e r  p a r t i a l s .  The 
br idge  was p laced  d i f f e r e n t l y  - c l o s e  t o  t h e  l ower  end o f  t h e  t o p  p l a t e ,  
t h i n  s t r i n g s  and  a  t h i n  t o p  p l a t e  were used .  The r e n a i s s a n c e  l u t e  had  a 

s m a l l  c r o s s b a r  be low t h e  b r i d g e  t o  make t h e  t r e b l e  s t r o n g e r .  Wi th  t h e  
change o f  music a  s t r o n g e r  fundamental was demanded and t h e  f a n  b rac ing  
system was approached. Both t h e  l u t e  and t h e  g u i t a r  t one  h a s  been changed 
f rom a  t r a n s p a r e n t  t o n e ,  r i c h  i n  h i g h e r  p a r t i a l s  t o  a  more  "broadI1 t o n e  
w i t h  a  s t r o n g  fundamental.  

Georg Bolin: My A l t g i t a r r  is a  a  comple te ly  new in s t rumen t .  It was con- 
s t r u c t e d  no t  t o  r e p l a c e  t h e  l u t e  but  t o  provide t h e  g u i t a r  p l a y e r  w i t h  a 
g u i t a r  t h a t  c o v e r s  t h e  r a n g e  o f  t h e  l u t e .  Such a n  i n s t r u m e n t  makes t h e  
r i c h  l u t e  m u s i c  o f  t h e  ba roque  and t h e  r e n a i s s a n c e  p o s s i b l e  t o  p l a y  
w i t h o u t  t r a n s c r i p t i o n s .  New m u s i c  h a s  a l s o  been  w r i t t e n  f o r  t h e  A l t -  

g i t a r r .  R e c e n t l y  I c o n s t r u c t e d  a  s l i g h t l y  smaller  g u i t a r .  I have  f o u n d  
t h a t  t h e  g u i t a r  before  Torres  was smaller. The expe r imen ta t i on  has  now 
produced  a  g u i t a r  w i t h  o n l y  6 3  cm s t r i n g  l e n g t h ,  w i t h o u t  s a c r i f i c i n g  
t o n a l  q u a l i t y ,  on t h e  c o n t r a r y  it  h a s  been improved. 

Lars Jonsson: The th i cknes s  of  t h e  t o p  p l a t e  i s  most impor t an t .  A change 
o f  a  t e n t h  o f  a  m i l l i m e t e r  i s  n o t i c e a b l e ,  b u t  t h e  p o s i t i o n  o f  a  s i n g l e  
s t r u t  makes l i t t l e  change  i n  t o n a l  q u a l i t y .  However ,  t h e r e  s e e m s  t o  
e x c i s t  a  lower  l i m i t  f o r  t h e  t h i c k n e s s  though which must n o t  be passed. 

Georg B o l i n :  I t  i s  h a r d  f o r  a maker  t o  g i v e  s i m p l e  a n d  c l e a r c u t  d i r e c -  



t i o n s  on  how t o  work. So much d e p e n d s  on t h e  p r o p e r t i e s  o f  t h e  wood t o  
wh ich  t h e  d i m e n s i o n s  o f  t h e  t o p s  and  t h e i r  b r a c i n g s  m u s t  be  a d j u s t e d .  
Therefore  I b e l i e v e  t h a t  i t  is  impor t an t  t o  measure,  u s ing  modern acous- 
t i c a l  equipment. We must n o t  be f i x e d  only  t o  o l d  i d e a s  and knowledge. 

The maker and music a c o u s t i c s .  

K a r l - E r i k  Gummesson: Makers  need  i n f o r m a t i o n  s u c h  a s  p r e s e n t e d  i n  t h e  
s e m i n a r  t o d a y .  We need  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  f u n c t i o n a l  p r i n -  
c i p l e s  o f  t h e  g u i t a r  a n d  o f  how t o  c o n s t r u c t  g u i t a r s  w i t h  p r e s c r i b e d  
t o n a l  p r o p e r t i e s .  

Georg Bolin: T e s t s  should be developed f o r  q u a l i t y  judgements of  g u i t a r s  
i n  c o n c e r t  h a l l s .  It i s  n e c e s s a r y  t o  g e t  a  b e t t e r  u n d e r s t a n d i n g  o f  p ro -  
p e r t i e s  s u c h  a s  c l a r i t y  and  c a r r y i n g  power.  The c a r r y i n g  power i n  t h e  
p i an i s s imo  p l ay ing  is e s p e c i a l l y  demanding on t h e  g u i t a r .  

Lars  Jansson: I would l i k e  t o  see d e t a i l e d  accounts  of  t h e  r e l a t i o n s h i p s  
between c o n s t r u c t i o n a l  d e t a i l s  and t o n a l  p r o p e r t i e s .  Thus, I would l i k e  
t o  have a t  l e a s t  a  g e n e r a l  gu ide  t o  what happens i f  I move t h a t  s t r u t ,  o r  
change  t h e  a i r  vo lume f o r  i n s t a n c e .  Such a g u i d e  would be  o f  g r e a t  h e l p  
a t  l e a s t  t o  me. 

Conclusion. 

The m a t e r i a l  and t h e  m a k e r s s  way o f  w o r k i n g  a r e  i m p o r t a n t  f o r  t h e  
q u a l i t y  i n  t h e  e x p e r i e n c e  o f  make r s .  The s t r i n g s  s h o u l d  b e  improved .  
The re  h a s  been  a change  i n  m u s i c  which  h a s  l e d  t o  a change  i n  t h e  
c o n s t r u c t i o n  o f  i n s t r u m e n t s .  From a  t i m b r e  r i c h  i n  h i g h  p a r t i a l s  t h e  
sound h a s  changed  t o w a r d s  a  t i m b r e  w i t h  a s t r o n g  f u n d a m e n t a l .  Newly 
cons t ruc t ed  i n s t r u m e n t s  can be used both f o r  e a r l y  and contemporary music 
- a l t h o u g h  we s h o u l d  n o t  e x p e c t  t h e  modern i n s t r u m e n t s  t o  r e p l a c e  t h e  
e a r l y  ones .  The m u s i c  a c o u s t i c s  i s  i n t e r e s t i n g  f o r  t h e  maker  b o t h  t o  
supply a  fundamental unders tanding  of  t h e  f u n c t i o n  and t h e  tone  produc- 
t i o n  o f  t h e  g u i t a r .  Guitarmaking would b e n e f i t  from g e n e r a l  cons t ruc t io -  
n a l  r u l e s  founded on a c o u s t i c a l  f a c t s .  



L i s t  o f  sound examples 

Sound example 1. Demonstration o f  p a r t i a l s  i n  a harmonic spectrum. Four  
s i n g l e  p a r t i a l s  r epea t ed  twice, t h e r e a f t e r  t h e  p a r t i a l s  added one by one  
i n t o  a harmonic spectrum repea ted  t w i c e  c.f. Fig. 2. (33") 

Sound e x a m p l e  2. D e m o n s t r a t i o n  of l l smoothnessn  and " r o u g h n e s s n  w i t h  a 
s p e c t r u m  o f  f o u r  and  s i x  p a r t i a l s  r e s p e c t i v e l y .  S p e c t r a  o f  a )  f o u r  
p a r t i a l s ,  b )  s i x  p a r t i a l s ,  c )  f o u r  p a r t i a l s ,  and d )  s i x  p a r t i a l s ,  are 
p r e s e n t e d  t h r e e  t imes e a c h  c . f .  F ig .  3. (27") 

Sound example 3. Body sound and p a r t i a l  spectrum sound: t h r e e  t i m e s  
o f  a )  body and p a r t i a l  spectrum sound, b) p a r t i a l  spec t rum wi thou t  body 
sound, c )  body sound only ,  and d)  body and p a r t i a l  spec t rum sound. (40") 

Sound example 4. I n f luence  of p lucking  p o s i t i o n  assuming t h e  same l e v e l  
o f  i n i t i a t e d  p a r t i a l s .  P l u c k i n g  t h r e e  t imes e a c h  a t  a) h a l f  t h e  s t r i n g  
l e n g t h ,  b) one  t h i r d  s t r i n g  l e n g t h ,  c )  o n e  s i x t h  s t r i n g  l e n g t h ,  a n d  d )  
one t e n t h  s t r i n g  l e n g t h  from t h e  br idge.  Each example i s  p re sen t ed  twice. 
(1 '20")  

Sound example 5. The importance o f  d i f f e r e n t  f requency reg ions .  A mus ic  
p i e c e  (from Tarrega1s Lagrima played by P. R i i s )  w i t h  d i f f e r e n t  f r equency  
ranges f i l t e r e d  ou t  according t o  Fig. 12: 
a )  f u l l  range,  below 4 kHz, f u l l  range ,  above 4 kHz, f u l l  range 
b l1 2 kHz, 11 l1 2 ~ H z ,  11 

c > 11 0.5 kHz, 11 0.5 kHz 11 

( 1 1 1 2 1 1 )  


