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FEATURE Testing of Acoustic Stringed Musical Instruments: Part 2
by M. French and G. Bissinger

MECHANICS OF STRINGED INSTRUMENTS

his is the second article in a series describing the
testing of stringed instruments. The first article !
provided an introduction to the topic along with an
extended reference section for workers new to the
field. This article presents a more detailed description of
the mechanics of stringed instruments and suggested test-
ing techniques. We will illustrate the mechanisms by which
sound is produced and describe the experimental conditions
that must be created in order to successfully test musical
instruments. We also discuss the role of testing in the un-
derstanding and development of musical instruments. The
next two articles in the series
will deal with testing of vio-
lins and testing of guitars.
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MECHANISM OF
SOUND PRODUCTION

In principle, a stringed instru-
ment is relatively simple. It
consists of enough structure
to hold a set of strings under
a desired tension and an
acoustic cavity with a flexible
top and back to radiate sound Kt

when the strings vibrate. T
From this standpoint, the ba-
sic physics of most stringed
instruments (barring the pi-
ano family) are similar.

A simple 3-DOF model has
been propose * which models
the instrument as a resonat-
ing cavity with two flexible
surface as shown in Figure 1.
While very simple, this model
illustrates the basic implica-
tions of acoustic-structural coupling. (F(t) is the driving force,
V is the volume, subscript references: h - cavity soundhole, t
- top plate, b — back plate.)

Figure | = 3-DOF Instrument Model

Typically, musical instrument testing involves measuring the
pressure variation around or in the instrument and the mo-
tions of the instrument structure. Intuition and simple mod-
els such as that in Fig. 1 suggest that understanding the
pressure variation and structural response is enough to char-
acterize an instrument. Unfortunately the truth is that while
this is certainly enough mechanical information to draw an

Editor’s note: This series presents an overview of dynamic testing
methods applied to stringed musical instruments. Articles in this
series will present test methods applied to violins and guitars, analy-
sts methods and examples of how experimental resulte have been
used to tmprove the design and construction of stringed instruments.
This is the second article of the series.

M. French (SEM Member) , Senior Engineer, Robert Bosch Corpo-
ration, Braking Systems Division, Farmington Hills, MI. G.
Bussinger (SEM Member), Department of Physics, East Carolina
University, Greenville, NC.
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. equivalent electrical circuit there is nothing here about acous-
. tic matters.

* Subtle and not so subtle effects, such as the radiation effi-
" clency of various normal modes, or how effectively the driv-
" ing force is capable of exciting certain modes, substructure
. coupling especially to bending modes of the instrument neck,
. corpus-cavity coupling, mode dependent wall compliance ef-
- fects and even cavity mode coupling are not incorporated in
- such models.
" tween superior and average instruments. Consideration of

Often these effects define the difference be-

what is not measured is some-
times as important as what to
measure, because it affects
how tests are conducted and
how results are used.

CHALLENGES IN
MUSICAL INSTRUMENT
TESTING
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Testing musical instruments
is not conceptually different
than testing other structures.
Interpretation of the results
is, however, somewhat non-
traditional in that the en-
closed air cavity is an integral
part of the system and cannot
be ignored. Instruments —
particularly violins - are typi-
cally very light and flexible
and very sensitive to bound-
ary conditions. Special care
needs to be taken so that the
instrumentation, excitation
method, and support fixtures
do not add mass or stiffness

_ to the instrument.

. Particularly refined instruments whose development has long
- since matured, e.g., violins, can undergo dramatic differences
* in sound quality with even small changes in the structure
" (such as a slight movement of the sound post or a small mass
" attached to the bridge). Thus, very light or non-contact sen-
. sors are often employed. Particularly good results have been
. achieved with laser doppler vibrometers and holographic or
- speckle interferometric systems. > For conventional modal
- testing, impact testing using a roving hammer is acceptable
* when expensive optical equipment is not available. Of course,
" care must be taken so that the impacts do not damage the
. instrument, a particularly serious problem with instruments
. using a soft wood like spruce on the top plate because of its
- elastic properties. For obvious reasons, roving hammer im-
- pact testing is not acceptable for particularly valuable in-
* struments.
" automated force hammer impacting an unfinished, easily
. replaceable substruture like the bridge on a violin and a scan-
. ning laser system. ¢ One of us (GB) has had success in using

The much better alternative is to use a fixed

CT scanners (normally used for medical imaging) to accu-
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rately measure violin geometry and determine substructure
densities. 7

One continuing source of problems in modal testing is that

of boundary conditions. When an instrument is being played,

the conditions imposed by the musician’s body are not known .
or easily modeled. It is, however, routine to assume that the -
restrictions imposed by the player are minimal and to test -

instruments in freely supported conditions. One of us (MF)

has successfully tested guitars using soft foam supports. In
that case, the lowest mode of interest was on the order of |

65Hz and the effect of the low support stiffness was negli-
gible. * However this support method can affect the mea-
sured damping significantly (~20%) even if mode frequen-
cies are mostly unaffected. ®

Another option in testing is whether the instrument should |

be strung or not. The strings are, by design, the most flex-

ible parts of the instrument and, again by design, dominate -
the structural response. If the intent is to characterize the -
structure in isolation, the strings might be removed or heavily -

tion. Also in the violin the tailpiece is suspended at one end
by the strings after they pass over the bridge and at the other
with a heavy piece of gut or nylon passed over a small piece
of hard wood and looped around the end button. It is a rela-
tively freely moving substructure and some of its modes can
couple quite strongly to corpus modes. In practice, damping
the strings with a light piece of foam solves the problem if
reliable damping measurements are not important. For ex-
ample damping violin strings with foam adds approx. 20% to
the measured damping. ?

SIGNAL PROCESSING CONSIDERATIONS

Musical instrument testing imposes some unique require-
ments when processing signals from the various sensors. The
ability to accurately estimate damping can be quite impor-
tant, so high frequency resolution and relatively long sample
times are often needed. The required maximum sample fre-
quency differs greatly depending on whether structural or
acoustic data is being collected. Acoustic data taken for the
purpose of identifying coupled acoustic-structural modes
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Fig. 2 — Typical mobility FRF (m/s/N) from a mezzo (a slightly larger variant of standard) violin over 0 — 4 kHz, measured in
a minimal contact, low damping fixture with force hammer excitation at the bridge and a scanning laser vibrometer response

measurement at one point on the top plate.

damped. On the other hand, if you wish to test the instru-

ment in the form it will be played, string removal is not an
option because they are an essential part of the structure -
and contribute in toto considerable stiffness to the assembled -

instrument.

Removing the strings of folk or classical guitars does not

change the configuration of the instruments. However,

archtop guitars and instruments of the violin family use -

string tension to hold the bridge and tailpiece in place. Thus,
removing the strings greatly changes the basic configura-

should be sampled over the same frequency range as the
structural data to aid in comparison. The acoustic data
should be normalized to F(t) also, to create an acoustic FRF.
Calibrated data permits later ‘manipulation of the data to
create a pressure/velocity ratio which is very informative
about which modes radiate most strongly. However, data
taken for the purpose of analyzing sound quality including
qualitative evaluations should include frequencies up to the
limits of human hearing (20 kHz). Direct acoustic recording
with a DAT or CD unit would be recommended here.
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In stringed instruments, it is common that only the lower -
structural modes (including vibro-acoustic coupling) can be -

clearly identified. As frequency increases, modal density in-

creases to the point that individual modes are not clear. In
violins, most of the interesting individual modes occur below .
1000 Hz. At frequencies above 3000 Hz, it becomes difficult .
to distinguish peaks in an FRF. Some of this can be seenin -
Fig. 2 from a very recent v/F mobility measurement by one

of us (GB).

ROLE OF TESTING IN DEVELOPMENT OF
MUSICAL INSTRUMENTS

Testing is sometimes done for instructional reasons or to
understand basic response characteristics of a particular in-

strument. In other cases, it is done with the intent of refin-

ing a design or even for the purpose of making changestoa -

specific instrument. To date, much of the literature concen-

trates on characterizing specific instruments and trying to ’

identify characteristics in the response that makes them

particularly good or bad. There are some very interesting
summary comparisons of large numbers of violins by .

Diinnwald [10] (using a single microphone and exciting vio-

lins electro-magnetically through a highly damped string) *

where properties of classes of violins, e.g., old Italian, mod-

ern makers, machine-figured, show some characteristic dif-

ferences. Unfortunately no information about mechanical
vibrations was collected hence no real knowledge about their
normal modes exists.

The task of structural testing with the intention of improv-
ing a design is still poorly understood. Normal build varia-
tion can be as large as variations in design. Thus, correlat-
ing specific design features with the sound of a particularly
good instrument is a very uncertain thing. As manufactur-
ers have improved assembly techniques with numerically
controlled equipment, better quality control, better material
selection etc., build variation in some production instruments
has decreased. Since most of these instruments are made of
wood, even perfectly controlled sizes and shapes still carry
no guarantee of achieving a desired sound. Perhaps a bet-
ter, certainly more modern, approach is to look at the me-
chanical and acoustical normal mode characteristics of good
instruments and try to reproduce these.

One of us (GB) would like to acknowledge support by the
National Science Foundation (DMR-9802656).

References
1. French, M. and Bissinger, G.; “Testing of Acoustic

Stringed Musical Instruments”, Experimental Techniques,
Jan/Feb 2001, 40-43.




2. Rossing, T.D., Popp, J. and Polstein, D.; “Acoustical Re- -
sponse of Guitars”; Proceedings, SMAC 83, Royal Swedish

Academy of Music, Stockholm, IT, 311-332, 1985.

3. Jansson, E.V,; “A Study of the Acoustical and Hologram
Interfereometric Measurements on the Top Plate Vibra- -

tions of the Guitar”; Acustica, 25, 95-100, 1971.

4. Jansson, E.V.; “Fundamentals of Guitar Tone”; Jour-

nal of Guitar Acoustics, 6, 26-41.

5. Richardson, B.E. and Roberts, G.W_; “The Adjustment -
of Mode Frequencies in Guitars: A Study by Means of Ho- -
lographic Interfereometry and Finite Element Analysis”, *
Proceedings, SMAC 83, Royal Swedish Academy of Music,

Stockholm, 285-302.

6. Keiffer, J and. Bissinger, G., “Planar grid vs. geometry- -
controlled hammer-impact/scanning laser modal analysis”, -
Proc.19% Intern. Modal. Analysis Conf., Soc. Exp. Mechan-

ics, Bethel, CT, Feb. 2001, 816-821.

7. Garcia-Cobian, J and Bissinger, G, “Creating an accu-
rate solid model of the violin from CT scans”, Proc.19% In-
tern. Modal. Analysis Conf., Soc. Exp. Mechanics, Bethel,
CT, Feb. 2001, 373-378.

8. French, R.M and Lewis, K.; “Modal Response of an
Acoustic Guitar”; Proceedings, 13th International Modal
Analysis Conference, February 1995, Nashville TN.

9. Ye, K. and Bissinger, G., “ Attaining “free-free” normal
mode frequency and damping conditions for the violin”,
Proc.18" Intern. Modal. Analysis Conf., Soc. Exp. Mechan-
ics, Bethel, CT, Feb. 2001, 398-403.

10.Diinnwald, H., “Deduction of objective quality param-
eters on old and new violins”, CAS Journal, 1, 7 (series
II), 1-5 (1991).1




