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ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
INSTITUTE OF SOUND AND VIBRATION RESEARCH

Doctor of Philosophy

ON THE ROLE OF LONGITUDINAL STRING VIBRATIONS
IN THE GENERATION OF VIOLIN SOUND

by Nigel Harris

The ‘primary’ source of longitudinal string vibration {LSV) is the non-linear
stretching of the transversely vibrating string. ‘Secondary’ LSV is generated
by the dynamic activity of the body. The effect of a periodic variation of
string tension on violin dynamics and sound is examined.

A qualitative structural analysis of the static forces on the body from string
tension suggests that the difference between back and belly arching shape
affects the magnitude and direction of the deformation of the body. The
static deformation of the violin body caused by an increase in string
tension is measured and shown to approach that of a “Nullstrahler” or
simple source radiator. Parameters are developed that largely define the
arching shape of the plates and the relationship between the front and

back plate shapes. Five violins are made exhibiting controlled differences
only in these parameters.

Using a shaker to excite the open G string at resonance, a series of
dynamic tests are done to investigate the effect of different bridge and
string termination mobilities on the transverse string vibration (TSV)
displacement, and the LSV developed in the string. The effect of arching
shape on the TSV, LSV and the radiated sound are investigated.

Complementary evidence is gained from reciprocal excitation of the violin
by a reverberant room sound field.

Above 1500Hz, the radiated sound pressure is dependent on the choice of
the geometric parameters that relate the front and back plate shapes to
each other. The spectrum of the radiated sound pressure is more closely
related to the LSV spectrum than the spectrum of the TSV displacement.
Below 1500Hz the radiated sound pressure varies as the inverse of the
height of the belly cross arches in the end bouts. Some of the TSV energy
entering the violin 1s transformed into secondary LSV energy. This
combines with the primary bellying LSV. The modal responses to the LSV
force in the string apparently contribute significantly to the radiated sound.

The violin shows a different spectrum of radiated sound pressure per unit
transverse force on the bridge from the string than published spectra of
radiated sound pressure per unit of external force applied to the bridge.

The admittances of a violin bridge to forces applied directly by a vibrating
string are estimated at 196Hz intervals. The admittance to transverse force
from the string is estimated to have a quite different spectrum from that
found by others who applied an external force to the bridge of a violin with
damped strings. The estimated bridge pseudo-admittance to LSV force is
found to be significantly higher than the admittance to transverse force.
The powers exchanged between the string and the bridge via both LSV and
TSV are estimated and compared with the radiated sound power.
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Chapter 1
INTRODUCTION

1.1 Historical development

The violin first appeared about 1525, and apart from gaining its fourth
string by 1550, has remained essentially unchanged; although changes
have been made to the way in which it is set up for playing, in order to
adapt it to modern conditions. The lack of an apparent evolutionary period
can be explained by the fact that it was the amalgamation of the best
features of three of the instruments in use at the time. The characteristic
hourglass outline and the arched front and back came from the lira da

braccio.

Within the confines of what constitutes a violin, there is scope for
individual makers to bring their own ideas to the shaping of the parts, the
graduation of the thickness, and to the varnishing. Most successful in
these matters were the Italians Andrea Amati, Nicolo Amati, Antonio
Stradivari, Giuseppe Guarneri Del Gesu, and the Tyrolian, Jacob Stainer.
These makers, whose work was done between 1580 and 1740, were the
trendsetters, each having made a considerable break from the style of their
training to establish the highest reputation for the sound of their
instruments. The vast majority of violinmakers, then and now, are simply
content to copy the models of these masters. The old master patterns may
easily be identified by the characteristic shape shown in the outline, and in
the shape of the arching of the plates. A violin maker who wished to
emulate the sound of a particular master’s instruments would reproduce,
by faithful copying, the outline and plate arching characteristic of the
works of that master. This is done in the belief that these features are
responsible for the sound quality of the instrument. The writer has been
unable to find any published scientific material that might explain the
connection between these features and the tone quality of the instrument.

The developmental process employed by the old masters must have been
one of make it, play it, think about it, and then try a change to see what
happens. Indeed the instruments left by these makers do show a more or

less continuous process of experimentation. The great difficulty with this



process is that the tonal differences involved in the many very small
changes being tried, are themselves very small, and it requires a very
experienced and trained ear to audit them. Furthermore the changes tried,
or experiments run, must carefully be thought out and form part of an
overall conception, perhaps led by a hypothesis or a guessed insight. The

necessary personal attributes for this work are given to few rare individuals
in the history of the craft.

1.2 Future development

Many believe that the violin is now fully evolved to perfection and cannot be
improved further. Certainly there has not been any change to the
instrument since the early part of the 19t century. Others would say that
today we are not able to make violins that are as good as those made by the
great makers of the past. We live in an age where the sdentific method is
applied to problem solving. In 1819 Felix Savart confidently wrote “It is to
be presumed that we have arrived at a time when the efforts of scientists
and those of artists are going to unite to bring to perfection an art which
has for so long been limited to blind routine” (Savart, 1819). The problem

has proved surprisingly intractable and despite hopes being raised several
times, blind routine has still not been replaced.

What contribution can the scientist make to the vioin? To be of use to the
violinmaker, science based studies must ultimately address the following

matters.

e The relationship of the shape and thickness of the principal parts of the
violin to its tonal quality.

e A specification of the physical and mechanical properties required of the
surface coating.

¢ An objective means of assessing the sound of a violin.

e A method of accelerating the time it takes for a violin to reach tonal

maturity.

To make progress in these areas it is necessary that we must first achieve a

comprehensive picture of how a violin works. This project attempts to add

to this picture.



1.3 The author’s background

The author offers the following biographical sketch, to indicate what
disciplines are being brought to the subject.

‘I was born in New Zealand, and as a child learned to play the violin. After
completing a degree in civil engineering at the University of Canterbury, I
practised as a structural engineer. During the 1970s, I began to take a
close interest in the published research material on violin acoustics. It
became apparent to me that, the obvious fact that the front and back
plates of violins were of a different shape had not been explained in any of
the literature. Indeed contemporary violinmakers only made these
differences because they appeared in the classical examples that they used
as models to copy. I then produced a simple structural analysis of the
static deformation of a violin body under the tension of the strings, and this
led me to realise that the resulting deformations of the body were likely to
be very dependent on the shape differences between the front and back. To
find the degree to which the tone of the violin depended on these
differences, I began making violins with controlled variations in plate
shapes, and listening carefully to the resulting tone. This led in time to my
learning Italian and going to Italy, mainly to study the Italian varnishing
tradition, and finally to my becoming a full time violinmaker in 1981.
Subsequently, in 1984, I moved to England and continued to experiment in
a systematic way. I eventually felt the need to support my research with
scientific measurement, and so I approached ISVR and was accepted as a

part time postgraduate research student.

This work results then from a strongly interdisciplinary study. In order

gain the insight presented in this thesis I have drawn on knowledge

acquired as a violin player, a violin maker, a structural engineer and a

scientific researcher.”

1.4 Scope of the research

The prninapal focus of attention in this project is the contribution made by
longitudinal string vibration to the radiated sound of a violin. The
abbreviation LSV is used henceforth to denote ‘longitudinal string



vibration’, meaning a periodic change in the tension of the string, or the

group of four strings.

The presentation begins with a qualitative static analysis of the forces and
deformations of the violin body under string tension. The analysis is
extended to suggest that classic violin arching shapes might enhance those
body deformations that would be most likely to radiate sound. The initial
static analysis 1s supplemented by measurement of the deformation caused
by static string tension on a violin. The generation of LSV by ‘string-
bellying’ is demonstrated both theoretically and experimentally. The modal
vibration of the body also generates LSV. One of the many modal motions
that generate LSV is ‘bridge-rock’ and this is demonstrated both
theoretically and experimentally. The possibility that the arching shape
would affect the radiated sound of a violin had been investigated
systematically by making a number of violins (about 220) with small
differences in the arching of the plates. This was done in the course of the
writer’s work as a violinmaker and was outside the supervised PhD
programme. However since the conclusions reached by this make and play
testing are relevant to the project, they are presented. From this and the
qualitative theoretical static analysis, dimensional parameters that control

the shape of the plates were identified as being likely to have an effect on
the effectiveness with which the LSV forces can drive the violin to radiate

sound.

Five violins were specially made to exhibit variations in the dimensional
parameters ‘EAR’ and ‘deviation’ (later defined). These parameters largely
control the arching shapes of the back and belly. Tests were also done on
strings and bridges mounted on artificial supports providing differing
mobilities. A number of special purpose measurement instruments were
made. Using each violin the G string was driven to a standard first
harmonic transverse displacement and the LSV force generated at the
tailgut and the radiated sound were measured. The results were examined
to see if there was a link between the radiated sound and the arching

parameters and a link between the radiated sound and the magnitude of
the LSV developed.



The admittance of the violin bridge to internal forces caused by a vibrating
string is estimated and compared to the admittance found by others to an
externally applied force. The power flow from the string to the violin

through the bridge and the saddle is estimated and this is compared with
the sound power radiated by the violin.



Chapter 2
BACKGROUND

2.1 Previous work

2.1.1 Introduction

Felix Savart was perhaps the first acoustics researcher to write about the
violin, and laid down his understanding of the primary action that drives it
[Savart, 1819]. This has remained to this day the widely accepted
explanation of how a violin is driven, and is fully described by Lothar
Cremer in his book, “The Physics of the Violin® [Cremer, 1983). The bow
sets up transverse vibrations in the string, which are in turn imparted to
the bridge. The bridge sits on the violin and is supported on its bass side
by the bass bar and on its treble side by the close proximity of the sound
post. The sound post extends to the back plate and provides a rather more
rigid support than the bass bar. The impulse from the transverse vibration
of the string causes the bridge to move largely in its own plane in a manner

that can best be understood as a rotation about a point.

This point is not fixed, due to the frequency dependent variation of the
impedance of the body under the bridge feet. However, throughout much
of the range it is located between the bridge feet, rather closer to the more
rigid sound post side. This movement of the bridge lifts the bass bar and
with it a large part of the front, and to a lesser extent, depresses the sound
post and with it part of the back; and then reverses the action. The
alternate moving apart and together of the plates initiates a limited
breathing action in the body. Cremer presents a theoretical evaluation of
the magnitude of these forces and the expected bridge rotation.

These actions are centred at the bridge area, which is at a point remote
from the widened plate areas {(called the “end bouts”). It has been assumed
that body resonance must play a significant role in enabling the small
forces generated in the bridge area to move the end bout plate areas. These

areas are reported to move rather more than the bridge area in the range

up to 3000Hz [Moral and Jansson, 1982].



2.1.2 The vibration of the strings

The vibrations of the strings have been closely examined. Helmholtz made
the notable discovery of the stick-slip action of the bow on the string and
the resulting travelling kink and saw tooth waveform. Further notable
contributions were made by Raman. The body of knowledge related to the
string 1s comprehensively presented by Cremer. Of particular relevance to
this thesis is that longitudinal resonances in the string have been
demonstrated [Lee and Rafferty, 1983). The possibility that longitudinal
vibrations would be set up in a vibrating string as the result of its length
changing throughout the cycle has been mentioned by several writers.
Most have expected the resulting tension vibration to be an octave above
the transverse vibration although Woodhouse has suggested they are
mistaken [Woodhouse, 1977]. While the possibility that longitudinal string

vibration might contribute to the radiated sound has been recognised,

there is no published work on the subject.

2.1.3 The vibration of the bridge

The translation, twisting and bending motions of the bridge were
experimentally measured [Minaert and Vlam, 1937]. The motions of the
top of the bridge were also investigated dynamically by Boutillon and

Weinreich and the mobilities were found to be of the same order (Boutillon
and Weinreich, 1999).

The violin bridge has been shown to have resonance frequencies at 3000Hz,
which involved a top half rotation, and 6000Hz, which involves vertical
bounce (Reinicke, 1973). The ability of the bridge to transfer force to a rigid
base was shown to increase significantly at the 3000Hz resonance but not
noticeably so at the 6000Hz resonance. In 1998, experiments were
reported that showed that the bridge on a real violin behaves as a rigid
lever at all frequencies within the range O to 5 kHz, there being no
resonance within it [Runnemalm, Molin and Jansson, 1998]. There must
of course be elastic deformation in the bridge but this research reported

that the resonance shown in a bridge mounted on a rigid base did not

occur when it was mounted on a real violin.



2.1.4 Experiments in total loudness

Spectra of the total loudness of the violin were examined by sounding all
the notes on the violin. In 1937, Saunders used hand bowed excitation
[Saunders, 1937]. He concluded that the perfect violin should be even on
all notes, although none of the violins he tested came near this.

Similar spectra were produced by Raman, Meinel, Rohloff and Pasqualini,
but these all used mechanical bowing [Raman, 1920: Meinel, 1937: Rohloff,
1940: Pasqualini, 1938-39]. Meinel compared many violins with a Strad.
and concluded, unlike Saunders, that the total sound should be low
between 1000 and 2000Hz to avoid a nasal tone, strong from 2000Hz to
3000Hz to get brightness, and strong at low frequencies to get carrying
power. How such detailed conclusions were reached from the total
loudness without spectral analysis is not clear. Total sound measurement
and no easy means of spectrally analysing the result limited progress.
Later, sine wave excitation by driving the bridge electromechanically
eliminated the need to spectrally analyse the result.

2.1.5 The radiated sound spectrum

By using swept sine wave electromagnetic excitation of the bridge, radiated
sound spectra can be produced. By this means Saunders produced
radiation response curves for a number of Stradivari violins, and
instruments by contemporary makers [Saunders, 1946]. Despite attempts
to identify characteristic differences that would distinguish those of

Stradivari from those of the other makers, no consistent differences were

found.

Dunnwald produced radiated sound spectra and by comparing the result
for Italian violins with others, he suggested that certain features of the

shape of the response curve could be objective indicators of tonal quality
[Dunnwald, 1985].

Langhoff measured the radiated sound spectrum of a number of violins and
devised a 3D system for their presentation [Langhoff, 1994]. Attempt was
made to relate the 3D presentation to the tonal quality of the instruments.

Using the prinapal of acoustic reciprocity, Arnold and Weinreich placed the

violin in a sound field measured the resulting string vibrations and sound



pressure inside the body [Arnold and Weinreich, 1982]. From the data

collected, they were able to produce spectra of resonance in the lower

frequency range.

Considerable similanty of shape exists between the spectrum of bridge
admittance produced by Jansson and the radiated sound spectrum
produced by Dunnwald [Dunnwald, 1982: Jansson, 1997]. Both
experiments were done by the excitation of the bridge by electromagnetic
drivers. This similarity was also demonstrated by Cremer who reproduced
curves (after Beldie) of bridge admittance and sound pressure level in a
reverberant room. In terms of received wisdom about how the violin works
these experiments could be said to show that violin radiation varies as the

bridge admittance, and therefore depends on body resonance.

2.1.6 The bridge admittance

The spectrum of variation of bridge admittance with frequency has been
investigated. The bridge has been driven with electromagnetic drivers and
its movement recorded. The admittance of the body and the position of its
resonances were inferred from these data. Moral and Jansson swept the
bridge with a sine wave excitation and measured the bridge admittance.
The modal shapes corresponding to the main resonances were found by
interferometry [Morral and Jansson, 1982: also Jansson, 1994: Saldner,
Molin and Jansson, 1996]. The bridge admittance has also been inferred
by exciting the violin by impacting the bridge with a pendulum.

Dunnwald compared the admittance spectra of ten Italian master violins,
ten fine modern violins, and ten cheap factory violins [Dunnwald 1985].
The main difference lay in the range above 2kHz. The fine modem violins
responded more strongly in this area than the old Italians and the factory
violins were weaker in this area than the old Italians. Generally, the
spectra of bridge admittance are more variable than the spectra of total
loudness. This is simply the result of the averaging effect of many

harmonics being included in the total loudness spectra.

Boutillon and Weinreich, proposed a new method for measuring the
admittance of the bridge, but perhaps more significantly showed that the

bridge has admittances of comparable order in the three coordinate



directions {Boutillon and Weinreich, 1999]. They also showed that a force
applied in one of the coordinate directions produced movement in the other
two directions. In this thests, close attention is given to those components
of string vibration that would excite vertical and out of plane bridge

movement. Boutillon and Weinreich’s work is highly relevant to this.

Although the admittance of the bridge to an external force has been well
studied there does not appear to have been any work done on the

admittance of the bridge to transverse force from a vibrating string.

2.1.7 The shape of body modes

The shape of some individual single frequency modes has been
investigated. As early as 1931, Backhaus showed that at about 685Hz a
good violin radiates as a monopolar or simple source radiator, called in
German a “Nullstrahler” [Backhaus 1931]. Below that frequency, the
modal shapes form bipolar radiators. As the frequency rises above 700Hz
there is an increasing tendency for the surface to break up into smaller
radiating areas. Backhaus concluded that the ability to form a Nullstrahler
at 685Hz was a characteristic of good Italian violins. Schelleng drew
attention to the need for some explanation for Backhaus’s observation that
good violins radiated as a Nullstrahler at about 650 to 700Hz [Schelleng,
1968). The problem was that there is no natural body resonance at that
frequency. It lies between strong resonances at 500 and 750Hz. This
interesting point is addressed in the work of this thesis.

A comprehensive modal analysis of the violin was done by Marshall
[Marshall, 1985]. The mathematical process of modal analysis was believed
to have eliminated the effect of modal overlap. Modal overlap causes the
operating shape at any frequency to have substantial contributions from
more than one mode. Of particular relevance to this thesis is that he
identified a Nullstrahler (breathing in the whole body) at 690Hz and
additionally breathing in the lower bouts only, at 478Hz and in the upper
bouts only, at 930Hz. Jansson tested 25 violins of soloist quality and
found that a common factor was a dominant C3 mode. He described this
as a major parameter of high quality violins. The C3 mode is the same
mode referred to by the Americans as the Bl mode. Itis the monopole or

Nullstrahler mode. This mode dominated the violin’s response in the range
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500-600Hz. The position of this resonance was found to be a matter of the
stiffness of the back and the magnitude was found to relate to the position
of the sound post [Jansson, Niewczyk and Fryden, 1996].

The modal shapes of the many modes that make up the spectrum have
been investigated [Marshall, 1985: Jansson, Molin and Saldner, 1994]. The
resonances have been categorised as wood or body resonances, air

resonances, and bridge resonances, and all have been fairly exhaustively
examined [Hutchins 1990, 1998: Shaw, 1990].

It is recognised that of the many modes identified (something like 35 i1n the
range up to 1300Hz), only a few of them may be significant sound
radiators. Arnold and Weinreich have suggested that, at any forang or
driven frequency, a violin moves in a combination of four basic normal
modes [Arnold and Weinreich, 1982]. These are a breathing motion when
the violin expands and contracts and so inhales and exhales, a bending
motion, a Helmholtz motion when the air vibrates in and out of the sound
holes, and an internal air sloshing motion. In this thesis, the causes of the

breathing and bending components are studied in some detaal.

Violins with and without sound posts have been studied by exciting the
violin both directly at the bridge and reciprocally in a sound f{ield [Saldner,
Molin and Jansson, 1995). The modal shapes were examined by

holography. This showed that at some frequencies several modes
contribute substantially to the response.

2.1.8 The air modes

Jansson examined the air modes within the body cavity of a violin and on a
body immobilised by encasing it in plaster [Jansson, 1973]. In addition to
the well-known Helmholtz mode that radiates through the sound hole,

there are a number of other modes. At least one of these is coupled to the

top plate vibrations.

By changing the body holes on a violin, the effect on the radiated sound
spectrum of varying the air modes was examined [Hutchins, 1990].
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2.1.9 The relative position of the principal modes
After trying radiated sound spectra, Saunders returned again to the
loudness curves and pointed out that the relative position of the air mode

and the principal wood modes may be a simple and important determinant
of violin tonal quality [Saunders, 1953]. He was again guided by his

conviction that a uniform loudness spectrum was desirable.

This idea was taken up by Hutchins, who measured the response curves
for many violins and discussed tonal preferences with the owners. From
this she concluded that the frequency gap between the principal air mode
Al and the principal body mode B1 determined what sort of player would
like the violin. Soloists seemed to prefer a 65 to 80Hz gap and chamber
music players preferred a gap some 20Hz smaller. The gap could be
widened by the maker tuning the free top plate to a higher resonant
frequency.

2.1.10 Damping and varnish
The damping effect of varnish was investigated by Meinel and shown to give
a modest reduction in the amplitude of his loudness curve [Meinel, 1957].

His experiments on strips of varnished wood showed that hard varnishes

had a greater damping effect at higher frequencies.

Conversely, Schelleng found the damping effect of varnish to be
independent of frequency [Schelleng 1968]. He claimed that the varnish
reduced the tonal volume of a violin by 2 to 5 dB across the whole

frequency spectrum. He also found that a detached belly could be damped
three times as much as a detached back.

The effect of varnish on the long and cross grain stiffness and damping has
been studied, and the resulting effect on the modal shape found [Schleske,
1998]. The effects varied considerably with the varnish and in general
reduced modal displacements by 2.6db. No measurement of the effect on

radiated sound was reported.

The damping effect on the radiating modes has given rise to a consensus

among many scientists that varnish is necessary for the preservation of the

inétrumrmt but the less applied the better. The conviction held by many
makers that the vamish is responsible for the supremacy of certain Old
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Italian violins is dismissed as unlikely by most scientists [Gough, 2000].
The effect of varnish on the radiated sound of a bowed violin does not

appear to have been measured.

2.1.11 Desirable tonal qualities

The harmonic content of played notes on the violin has been analysed to
investigate the subjective effect of spectrum shape. Rohlhoff suggested that

good Italian violins produce a tone that is strong in the 6t and 11th
harmonics [Rohlhoff, 1950].

It has been mentioned that Meinel reported what to do to avoid a nasal
tone. Emil Leipp says a nasal sound is a quality of good Itahan
instruments [Leipp, 1969]. This conflict is typical of the subjective nature

of what constitutes good sound.

2.1.12 Acoustic properties of the components

The violin 1s assembled from parts and it 1s not unreasonable to assume
that if the two principal parts, the back and the front, are closely
investigated it may be possible to write a prescription for them, such that
when assembled they would produce a good violin. Accordingly, the
resonances of the detached plates have received much attention. This has

been related to achieving control by adjusting the thickness of the plates.

In the 1830s, Savart examined the detached plates of a number of
Guarneris and Stradivaris, and using the method of Chladni, mapped the
modal shapes and recorded their frequencies. This is the only recorded
information on detached plates that we can be reasonably sure would make

a fine violin. The value of these violins today makes it unlikely that the
opportunity will occur again.

Beldie, in 1969, mapped all the free plate modes of the back and belly, both

with and without the bass bar and using various holding and tapping
places [Beldie, 1976].

Hutchins et. al. from the 1950s have concentrated on establishing

recommended eigenmode shapes and frequencies for detached backs and

fronts such that when assembled into an instrument the tonal result will
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be good and predictable [Hutchins, 1962]. This does involve "make and
play " testing with its inevitable subjective judgements.

Hutchins’ recommendations have been refined over the years, and involve
the placing of three of the natural plate modes at predetermined
frequencies [Hutchins, 1998]. Hutchins also used hologram interferometry
to map the free plate modes and developed a system for altering wood
thicknesses to achieve ideals of modal shape. How these ideals were
established was not made clear.

2.1.13 The arching of the front and back

Nearly all the violins made by the old masters show a pronounced
difference between the arching shape of the front and back plates [Sacconi,
1972]. It has been suggested by some that there should not be any such
difference, and that where there is, it is the result of long-term creep in the
wood [Leipp, 1969]. Most violinmakers find this explanation unconvincing
and so they reproduce the arching shapes of classical examples. There

does not appear to be any published work that suggests why this difference
should exist.

Cremer modelled the arched plates as a stiff hat with a flexible brim. The
mass of the stiff hat and the flexibility of the brim were seen as the

significant variables that determined the plates performance. He was not
alone in having this concept. It has been suggested by a number of people
that the reason a violin gets better with age is that the glue on the purfling

weakens, and the “hat” becomes more flexible in its brim.

Some work has been done to see if high arched violins show different bridge

admittance spectra to moderately arched violins [Jansson, Benedykt and

Niewczyk, 1997]. It was tentatively concluded that the 500-600Hz peak
(Nullstrahler) was more easily achieved in violins of moderate arch height.

2.1.14 The function of the sound post

The acute sensitivity of violin sound to the placing of the sound post is well
known to makers and players alike. Work has been done in this field,
which has shown that the violin’s modal shapes and their resonance
frequencies are very insensitive to the position of the sound post, and even

insensitive to the difference between a violin with a sound post or without a
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soundpost. [Schelleng, 1971: Bissinger, 1995, 1998: Saldner Molin and
Jansson, 1995]. This has left the acute sensitivity of a violin’s tone to the

position of the sound post without explanation.

A concise summary of existing wisdom is provided by Colin Gough [Gough,
2000].

2.2 Comments and observations on received wisdom

The violin is seen then as being excited by the transverse vibrations of the
string, and this excitation engages a host of natural resonances in the
body. The art of violinmaking is the art of placing these resonant peaks at
appropriate points in the frequency spectrum. If this is the art of violin
making, expressed in terms of received scientific wisdom, then immediately
we have a problem. There 1s no common factor in the location of resonant
modes in the frequency spectrum, which is exclusive to violins of fine tone.
If the object of this placement is to ensure that they fuse together to form a
continuous even response, then it should be noted that the resonant
response spectra of great classical violins come nowhere near achieving
this. If the object of the placement is to establish formants, it should be
noted that the radiated sound spectra of fine violins do not show sufficient

consistency for an ideal formant to be found. Early experimentation was
done with a bowed excitation. This was replaced with direct bridge
excitation. With the availability of fast Fourier analysis, there would seem

to be no reason not to return to bowed excitation.

The literature often confuses the difference between a modal shape and an
operating shape. The shapes determined by experimental method can
rarely be identified as arising from an individual resonance. At low
frequenaes, some widely separated modes could perhaps be excited in
isolation. Studies of violin modes are usually based on the modes
established in a violin that is excited by some means other than string
swinging. It is suggested in this thesis that these modes may not be

representative of the modes excited in the bowed violin.

The placing of the resonant peaks is to be controlled simply by the
graduation of the thickness of the front and back plates. The effect on the

sound caused by the shape of the arching of the plates is not understood
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rationally and so traditional classical models are followed. Believing that
plate arching played no significant part in the driving of a violin, Savart
designed a simplified violin that had completely flat plates like a guitar. It
did not catch on.

No case has been made that the position of the body resonances is a
determinant of tonal merit. That is not to say that it is without effect on
the sound. The amount of wood left in the plates clearly affects the mass
and stiffness of the excited modes. However, having suitable mass and
stiffness available does not mean the violin will adopt the best operating
shapes and optimise the sound quality.

Hutchins claims that there is some tonal benefit in controlling the plate
thicknesses to place the eigenfrequencies of some of the principal modes in
certain relationships. Good violins have been made in compliance with
these recommendations, and in contravention of them. There is no reason
to believe that these criteria bestow any benefit. To correctly place these
eigenmodes, it may be necessary to place certain limitations on the arching
shape that can be used, and would therefore act as a control on the shape
of the plate as well as its thickness. If so, then it would be up to the
violinmaker to find these restrictions. In practice, violinmakers would only
use the eigenmodes as a control on plate thickness, not shape. She writes,
"In an analytical sense the eigenmodes and eigenfrequencies of the parts,
fully define those parts". In principle, one cannot disagree with that, but to
really fully define those parts may require the defining of so many
eigenmodes that it becomes impractical to describe it in that way alone. If
one were to define the arching shape and two of the principal
eigenfrequencies, the definition becomes much sharper and the
violinmaker would know how to go about making it. The mass and
stifiness are not defined by the eigenfrequencies, but it could be assumed

that the use of what is traditionally recognised as good wood would ensure
that appropriate values are obtained.

Most violinmakers of today are all well aware of the plate tuning
recommendations made to them by scientists who believe that correctly
placed resonant peaks are the main determinant of good tone. Most

viohinmakers who have tried this have found it to be irrelevant and
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disregard it. The wide variation in the plate thicknesses found in classical
violins would indicate that there is a considerable variation in the

eigenfrequencies between these violins.

There is no published work that seeks to identify the relative importance of
stiffness, mass, and resonance frequency as determinants of tonal
consistency in violin plates. All three of these are, or have been, used by
violinmakers. The writer uses the plate flexural stiffness for this purpose
and 1s not aware of there being any other makers who do (see Appendix E).
The writer has satisfied himself that a much greater degree of consistency
between violins can be achieved by working to fixed relationships of plate

stiffness rather than plate resonance frequencies.

Hutchins suggestion that the frequency gap between the AO mode (the
Helmholtz air mode) and the B1 mode (the first body mode) may be
important is a restatement of what violinmakers have always known. The
resonance frequency of the AO mode is proportional to the square root of
the ratio of the area of the sound holes to the volume of the body. The
sound hole area and the body volume vary little between violins and the
square root further reduces the variation in the A0 modal frequency. The
gap between the AO mode and the Bl mode is largely a matter of the
position of the Bl mode. The Bl modal frequency is sensitive to the
thickness of the wood. It should be noted that the flexural stiffness of the
plate is also sensitive to the thickness of the wood. Therefore, in adjusting
the wood thickness one is altering the plate flexural stiffness and the
frequency gap between the AO and B1 mode. Should one work to criteria of
resonance, or perhaps flexural stiffness? Violinmakers have always known
that the more wood one leaves in the body the more it will appeal to the
heavier player. Hutchins found that the greater the frequency gap between
the AO and B1 mode the more the violin will appeal to stronger players.

It is the writer’s belief that the variation in radiated sound between old
violins, new violins and factory violins as shown by Dunnwald, may reflect
certain 20t century tendencies in lutherie. Factories over-thin violin plates

to get a bland inoffensive but weak sound, while makers of fine violins have

reacted against this tendency by leaning the other way and, more often

than not, leaving too much wood in the plates. Had the three groups of
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violins all contained violins of the same weight, the spectra produced might

have looked much the same.

The failure of existing theories to explain such basic things as the
sensitivity of the sound post, and why the plates of a violin are arched

upwards, does suggest that these basics need to be re-examined.

One would expect that if the sound radiation of a violin were highly
dependent upon structural resonance then the sound would alter audibly if
the plates were damped. In fact, the violin is surprisingly insensitive to
damping. It is possible to touch firmly with the fingers almost anywhere on
the vibrating plate surface without making much audible difference to the
radiated sound. One would also expect the tone quality and volume of
sound to vary from one note to another on the violin as various resonances
are excited. There is indeed considerable variation note to note, but these

are nowhere near as great as would be consistent with typical modal

quality factors.

There is a belief widely held among experts and connoisseurs of old violins
that the superior sound of Cremonese violins is due to the varnish [Hill,
1901). The research done to date does not account for this. Those with
confidence in science would say that the superiority of Cremonese violins is
unlikely to be due to the varnish. Those who sympathise with the
prevailing opinions of violin experts would say that the contribution of
varnish to violin tone is not fully understood scientifically. For example,
the writer has found that it makes a clearly audible difference to the sound
whether the varnish penetrates into the wood slightly, or if it is not allowed
to penetrate at all. There is no obvious reason why this should be so since
it cannot be explained by changes in damping or in the mass/stiffness
relationship. In this thesis some evidence is presented that would suggest

that the radiated sound spectrum of a violin could be considerably changed
in shape by varnishing.

There 1s no tonal quality that has been universally agreed to be superior.

While the German, Meinel, has advised us how to ensure that the tone is
not nasal, the Frenchman, Liepp, is telling us that the Italian tone is
always nasal. It seems that the Italian sound is all things to all men. The

German who likes a hard sound, the Frenchman who likes a nasal sound
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or the Englishman who likes a mellow sound all find the old Italian violin to
be the embodiment of these preferences. It is notable that pianos, organs
and singers all follow these national tonal preferences, which arguably
stem from the quality of the spoken language, which for most of us is our

earliest musical experience. It would appear that if the tone has it all, the
listener could take from it what they will.

Tests have been done on many occasions over at least 200 years, where
several violins of contrasting age and value are played solo to a discerning
audience. They were asked to rank them in some way. These tests
invariably produce results that show no strong consensus and often put a
cheap violin ahead of a fine Stradivarius. Players continue to make great
sacrifices to buy antique violins made by makers of high reputation. Either
the players are wrong in thinking that some violins are better than others,
or the testing system of playing violins solo to an audience is unable to
highlight the significant difference. Since the science of violin acoustics
has been unable to account for significant differences in violin tone quality
and rather idealised tests made with audiences have not established a clear
superiority for any violins, some scientists have concluded that there is no
difference. This viewpoint was argued by Beament [Beament, 1997]. To
uphold this view requires more confidence in science than the collected
consensus of players and listeners accumulated over several centuries.
Maclntyre and Woodhouse have suggested that the evidence for the
superiority of some violins is probably present in all the data that has been
collected but that it lies camouflaged. The human ear and brain can
recognise auditory patterns that are undetectable when seen visually as

scientific data [Maclntyre and Woodhouse, 1978].

The writer believes that there is such a thing as a superior violin, and that
they are sufficiently rare and sufficiently better as to create the high prices
they bring. The main distinguishing attribute they have is their ability to
produce a quality of tone that can be heard when played with a
considerable number of competing musicians. The violin concerto is the
classic situation. This is not likely to be a matter of being simply louder.
There has been very little done scientifically to identify if there is a band in
the quality of the tone produced, which helps this communication with the
audience. It could be argued that if there were such a band it would show
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up in the swept sine wave radiated sound spectra (with external excitation

of the bridge) as a formant.

2.3 The Starting Point for this project

The sound radiation from a violin arises through the excitation of
vibrational modes. Each mode may be excited at resonance by a string
harmonic, or may be forced at a frequency above or below resonance.
When operated below its resonance frequency, a mode does not normally

contribute significantly to the radiated sound. The modes excited at any
one frequency will depend also on the disposition of the forces applied to

the body. It could be argued that the shape of the violin body has evolved
to provide an optimum palette of modes for excitation. It would follow then
that any change to the shape of the body would result in a change in
radiated sound because of a change in the modal shapes and frequencies.
The writer will endeavour to show that certain back and belly shape
characteristics are capable of determining the driving forces on the plates.
Alteration of these shape characteristics favour co-operation between string
and body modes and hence have an important influence on radiated sound
level and quality. They may also influence playability. It is suggested that
any such influence 1s through the effect on the driving force on the plates
rather than the change in the geometry per se.

To date, consideration of the driving forces on the body of a violin stops at
some estimate of the transverse forces on the bridge from the vibrating
string. In this thesis the driving forces at the three entry ports to the body
are considered, and going beyond the ports into the body itself, a static
analysis i1s made of the internally developed forces within the body. In
addition to the forces arising from the transverse vibration of the strings,

consideration is given to the forces arising from the longitudinal vibration
of the strings.

It is obvious that the magnitude of the static force on the box is very large
compared with the small bridge rocking forces generated by the transverse
vibration of the strings. Since longitudinal string vibration is to be
abbreviated to LSV, it seems logical to call transverse string vibration TSV,
henceforth. Most violinmakers are aware that the body does deform under
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the action of the static forces. This is most easily observed when the
strings are brought up to full tension. Violin plates, which previously
conformed to the shape of a template, show significant movement when the

strings are tightened. If there were any variation in the static forces on the
body, there would be a consequential change to the shape of the body.

Such variations could come from periodic vibrations in the string tension
(LSV).

Most of the previous work done on the violin has been based upon
measurement of the response of a violin when excited externally, by
electromagnetic or impact excitation of the bridge. The work of this project
suggested that the contribution of some of the LSV could be lost if the
bridge was excited externally, so a repeatable means of string swinging
excitation of the violin was developed. Violins with various arching shapes

both with and without varnish were tested.
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Chapter 3
LONGITUDINAL STRING FORCE AND BODY MOTION

3.1 Introduction

The body of the violin has an input from the vibrating string through three
ports. These are the bridge, the saddle (the ebony insert over which the
tailgut passes), the stopped end of the string (or if the string is open, the
nut at the end of the finger board). More energy probably enters the body
through the bridge than the other input ports, but in this chapter
qualitative consideration is given to the input at all three ports. The bridge
input is widely understood to arise from the transverse force at the top of
the bridge (TSV force), but this thesis investigates the role of longitudinal
string vibration (LSV). In this chapter, the forces applied to the ports from
string vibration are assessed and a qualitative static analysis of the body

deformations caused by a static application of these forces is presented.

When the strings on a violin are brought up to tension, forces are applied
to the body, which must cause it to deform. Any action that causes a

fluctuation in the tension of the strings must also cause a fluctuation of

the body shape. We begin by looking at ways in which the string tension
might fluctuate.

3.2 Origin of longitudinal string vibrations

LSV can anise from the stretching of the string as it swings, and from the
relative movements of the bridge, the nut and the saddle. The resulting
LSV vibrations may be reinforced by the natural longitudinal resonances of

the string, and resonances of the tailpiece.

3.2.1 String-bellying longitudinal string vibrations

Consider a string stretched between rigid a support, which has been set in
transverse resonant vibration in a single mode. Each time the string swings
away from the straight-line position, it must stretch, and on its return, it
will shorten again. For every cycle of transverse vibration, there must be
two such lengthening and shortenings, with two consequential fluctuations
in string tension. Thus, every transverse vibration of the string would

appear to induce an LSV in the string of double the frequency. This will be
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referred to as the ‘string-bellying longitudinal string vibration’ or ‘bellying
LSV’. The magnitude of this vibration increases non-linearly with the

amplitude of transverse vibration.

The amount by which the string stretches can be c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>