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I.

Introduction

The overall quality and sound of an instrument
in the violin family depends, in part, on the
location of each mode of vibration. While not
all modes have an equal effect on the sound of
an instrument, understanding which modes interact and how to control this interaction helps
paint a clearer picture of how the instrument
works. One way to manipulate the vibration
of an instrument is to choose particular pieces
of wood that will change the vibrations in predictable ways. This paper describes some measurable properties of ebony and explains how
the fingerboard can effect the sound of an instrument. In particular, I consider some properties of fingerboards that can help tune one
mode of vibration of the violin in relation to
the open air resonance of the instrument cavity.
Tuning these resonances improves an instruments ability to efficiently radiate sound.
The greatest challenge for a maker is to
achieve repeatable, successful results, and understanding how the properties of ebony fingerboards effect the sound profile of an instrument can help the luthier avoid some unexpected problems. The information here is
based mainly on observation and experience,
but key points are supported with data when
possible. Detailed descriptions of both the
properties and techniques for manipulating fingerboards are given to help other violin makers
understand this procedure.

II.

Background and Terminology

Before going any further, it is important to
give some background information about the
studies that this paper is based on, as well as
define some basic terminology to facilitate the
discussion.

The violin has many different modes of vibration, called eigenmodes, that characterize
the sound of each instrument. The two types
of eigenmodes considered in this paper are denoted by an A or B, each of which come with a
host of subscripts. The A resonances are associated with the air vibrations in the cavity of the
instrument and are responsible for producing
much of the sound radiation. While this is a
complex phenomena on its own, the only air
resonance discussed in this paper is A0 , the
fundamental or ’Helmholtz’ frequency. This
mode of vibration is the same as that which
one gets by blowing across the top of a bottle,
and in fact can be produced in a similar way by
blowing softly into the f-hole. Quantifying the
effects of the air modes on the sound profile
of the violin has been researched extensively,
and a full review of this literature is beyond
the scope of this paper.
The B resonances correspond to deformation caused by the vibration of the instrument
itself. These modes of vibration take into account the mechanical bending of the body as
well as the fingerboard and neck assembly.
Like the A modes, there are many different
B modes that describe the different bending
and twisting patterns possible on a violin. We
are mostly concerned with B0 , which is related
to the lengthwise stiffness of the instrument
as well as the lowest mode, B−1 , which is the
mode of vibration associated with the part of
the fingerboard that projects out over the top of
the instrument. In addition, there are B1− and
B1+ , two strongly radiating body modes. Often
called the wolf note, B1+ has garnered much
more attention than its lower counterpart B1− .
All of these frequencies can be measured and
are intricately connected to one another.
In 1999, Bill Atwood and Brian Keeney [1]
showed that B0 and B−1 are coupled which,
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for our purposes, means that changing the frequency of one results in a change of frequency
in the other. These frequencies can be lowered
by adding mass at the wide end of the fingerboard or by making the fingerboard more flexible. Changing the frequency of B0 with weights
does not change the frequency of A0 . In their
paper, they develope a strategy that diagnoses
where to tune the B0 resonance to minimize energy absorption and then prescribe a method
for permanently tuning B0 to that frequency by
altering the stiffness of the fingerboard where
it leaves the neck.
They found that the optimal location for B0
is where its effect (energy absorption without
good sound projection) is minimized. Because
neither B0 nor B−1 are responsible for significant sound radiation, it is their relative tuning
to A0 that impacts the sound of the instrument.
When closely placed to A0 , the negative effect
of B0 is increased. Matching B0 to A0 does
reduce the undesirable energy absorption, but
it is tricky to achieve and maintain over time
because normal fingerboard maintenance typically lowers B0 slightly, so the benefit of tuning
B0 to A0 will be lost with subsequent work on
the instrument. If B0 starts below A0 , however, successive maintenance will expand the
separation between them and eliminates the
increasing interference that would occur if B0
started above A0 .

III.

Properties of Ebony

In order to utilize this information for practical applications, it is helpful to understand
some basic properties of wood and what role
these properties have in mode tuning. The data
shown here are measurements taken from over
300 fingerboards. It is presented to demonstrate some trends and relationships between
parameters of typical ebony which will hopefully be useful to makers who want to learn
more about tuning the A0 and B0 modes. The
Wood Properties Spreadsheet, provided by Andreas Hudelmayer, is helpful in developing a
practical approach to fingerboard acoustics because it allows for side by side comparison of
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the properties of many samples of wood. I have
incorporated his system into a broader spreadsheet that lets me analyze how this information relates to finished instruments. The length,
width and thickness at the midpoint, weight, and
natural frequency of each fingerboard is measured and entered into the spreadsheet. The
natural frequency is determined by holding
the fingerboard on a nodal line and tapping
the other end. A microphone and some basic
software can be used to extract the fundamental frequency from the resulting sound. The
Wood Properties Spreadsheet uses these five
quantities to calculate the density and speed
of sound of each fingerboard, which are then
used to calculate the Figure of Merit.

Figure 1: Histograms depicting the distribution of the
speed of sound (A) and the density (B) of ebony
fingerboards.

The Figure of Merit (FoM) is defined as
FoM =

Figure 2: Three scatter plots from the same data set. Density plotted against the speed of sound (A)
shows no correlation. Density plotted against
FoM (B) shows a possible correlation. Speed
of sound plotted against FoM (C) shows a definite linear dependence.

C
ρ

(1)

where C is the speed of sound and ρ is the density of a given fingerboard. The FoM is a good
predictor of the tunable properties of wood; if
a relatively low B0 is desired, then it makes
sense to choose a fingerboard with a low FoM
and, conversely, if the target B0 is relatively
high, then a higher FoM is desirable. Because
the FoM is a measurable characteristic, it can
be used to help select a fingerboard that will
be easily tunable to the target B0 frequency.
It is important to note that the specific numbers in this data set have systematic error based
on how the volume and speed of sound were
measured. In particular, the volume has a geometric error associated with it because fingerboards are complex shapes that are not characterized exclusively by their length, width and
thickness. For consistency, I always measure
the thickness and width at the midpoint of the
fingerboard. The speed of sound is also an approximation that could be improved by using
more advanced techniques. Because the data
has a systematic error, the absolute values of
the FoM are unreliable and it is possible that
other makers will calculate numbers that are
somewhat different in magnitude. For this reason it is impossible to prescribe specific FoM
values to achieve targeted B0 frequencies. However, because the methods used to gather the
data are consistent, I believe the trends that
show up in these numbers are valid.
This data does not indicate that there is a
direct correlation between the density and the
speed of sound (Figure 2A) for a given fingerboard. That is, as the density increases, the
speed of sound is evenly spread across the total
range.
Similarly, there is little indication that the
FoM is linearly related to the density shown in
Figure 2B. The best fit line has a linear regression r-square of 0.45, which means that there
may be some dependence, but it is tenuous.
As seen in Figure 2C, there is a stronger linear
relationship between the speed of sound and
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Figure 3: A fingerboard is anchored in a wood block while clay is used to diagnose different B0 frequencies.

the FoM. Fingerboards with a higher speed
of sound typically correspond to higher FoM
values. The best fit line has an r-square of
0.69. This linear relationship between speed of
sound and FoM is one of the patterns of fingerboard properties that result in predictable
behavior.

IV.

Methodology

Playing and listening is the best way to decide
what B0 frequency to target. As a diagnostic
tool, one can apply modeling clay (acoustic
putty) in increasing amounts under the wide
end of the fingerboard using increments of 0.5
to 1.0 grams (Figure 3). Adding clay lowers B0
and therefore provides a non-invasive method
for comparing the sound of the instrument
with different B0 frequencies. Rounding the
fingerboard edges and narrowing the flat rail
underneath will also effectively lower B0 , so
the fingerboard needs to be in its finished form.
If adding clay improves the sound, then
the performance of the instrument will be enhanced by a lower B0 . The added weight
weight from the clay has a muting effect, however, so rather than leaving it in place, it is
better to achieve that lower frequency by thin-
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ning the underside of the fingerboard by the
heel, guided by the change in frequency caused
by the weight.
The fingerboard can then be removed from
the instrument either with the weight intact
or off to the side for safe keeping. With the
fingerboard clamped securely in a test block
that can duplicate the length of the fingerboard
extension (Figure 3), I record its frequency by
tapping on the wide end of the fingerboard
with and without the clay. It is important to
understand that the frequencies recorded in
the test block are unique due to the mass of the
test block itself, so although they are critical to
understand for tuning purposes, they do not
correspond to any frequencies on the instrument. The final task is to make the fingerboard
more flexible near the heel of the neck by thinning, until the frequency with the clay matches
the retuned fingerboard. Because B0 is much
more sensitive to changes in flexibility than
from adding clay to the end of the fingerboard,
it is usually not necessary to remove much
mass while thinning the fingerboard near the
neck heel. For example, the amount of weight
removed from the fingerboard at this stage
might be 1.0 grams, while the mass of the clay
used to diagnose the target B0 may have been
2.0 grams or more.

ID

Weight
(grams)

Frequency
(Hertz)

Length
(mm)

Width
(mm)

Thickness
(mm)

Density
(g/cm3 )

Sound Speed
(m/s)

FoM

57.4
90.1
59.7

417
541
390

270
271.5
270

31.5
34.35
31.5

8.1
11.3
8.1

0.833
0.854
0.866

3678
3458
3440

4.41
4.05
3.97

101
63
95.2
65
109.7
65
93
63.4
63.3

577
404
476
370
615
406
578
420
427

274
270
274
270
275.5
270
272
270
270

34.57
31.4
34.4
31.5
35.5
31.8
33.74
31.4
31.4

11
7.7
10.7
8.4
11.9
8.1
10.4
8.4
8.3

0.969
0.965
0.943
0.909
0.942
0.934
0.974
0.890
0.899

3859
3748
3273
3147
3844
3581
4030
3572
3675

3.98
3.88
3.47
3.46
4.08
3.83
4.14
4.01
4.09

Violin 1
†
Violin 2
†
†
†
†

Figure 4: Data from two violins. The black rows (marked with a †) are measurements taken from fingerboard blanks
and the blue rows are finished fingerboards.

It is usually possible to achieve the target
B0 frequency to within ± 4 Hz when the instrument is reassembled with the modified fingerboard. Repeated applications of this process
have shown me that selecting a tunable fingerboard is very important for achieving a desired
frequency. As the FoM increases, it becomes
harder to lower B0 . The targeted frequencies
from the clay diagnostics are increasingly more
difficult to reach by re-carving the underside,
without resorting to extreme thinning.
Figure 4 shows data from two instruments
that demonstrate some possible scenarios. The
first instrument had two different fingerboards.
The original fingerboard had a FoM of 4.41 and
B0 was undesirably high. In order to lower the
frequency, the fingerboard had to be thinned
to an extreme point and, though the target
B0 frequency was achieved, the fingerboard
flexed easily and the instrument was very unappealing. The replacement fingerboard had
a FoM of 3.97 and, as expected, B0 was lower
even though the underside scoop was not at
all extreme. Also note that all but one of the B
frequencies were lowered, with B1− remaining
the same.
The second instrument in Figure 4 changed

fingerboards multiple times. The FoM of the
first fingerboard was 3.88 with B0 at 244 Hz.
Although it sounded fine, the fingerboard was
warped and needed to be replaced. This was a
great opportunity to choose a fingerboard with
a low FoM, 3.47, because it allowed for a direct
comparison. The new fingerboard had a 20
millimeter flat area before the gentle underside
scooping in an effort to keep B0 constant, but it
still dropped to 234 Hz, as did all of the other B
frequencies. This had a negative impact on the
performance of the instrument. These instruments demonstrate how one can use the FoM
to help choose a fingerboard that is tunable to
a target B0 frequency.
There are a few practical considerations to
pay attention to. Spot gluing the fingerboard
will make all the B frequency measurements
inaccurate, rendering the information unreliable. When measuring B0 it is critical that the
fingerboard is completely glued to the neck of
the violin to get consistent data. As shown
in Figure 5, I use very weak hide glue at this
stage and always cut a bevel under the fingerboard at the nut end for an opening knife to
slip into. This makes fingerboard removal easy.
To simplify gluing I like to use the alignment
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Figure 5: A bevel cut at the small end of the fingerboard to assist removal. Alignment Blocks for straight gluing.

blocks shown in Figure 5. With the fingerboard
dry clamped in place, they are spot glued into
the corners and removed immediately after the
fingerboard is glued to the neck.
Varnishing has a negligible effect on both
B0 and B−1 , which makes these modes convenient to measure when the instrument is strung
up unvarnished. I prefer to remove the fingerboard before varnishing, so incorporating
tuning before the final gluing is not a problem.
Interestingly, varnish raises B1− and B1+ which
suggests that it could be used to manipulate
the tuning of these frequencies.
Using the Figure of Merit as a practical way
to choose fingerboards starts with understanding the possible range of parameters in ebony.
This comes from paying attention to the trends
that are shown in the previous section to get
an idea of what measurable values one can expect from a given piece of wood. Analyzing

6

this information is made easier when all the
pertinent components of the instruments are
systematically measured and recorded so that
the data can be compared side by side. It is
helpful to measure these parameters before doing any repair or maintenance work, as well
as on new instruments, so that there is always
a base line of information to work with. With
that in mind, it is also important to understand
the limitations of this method. In particular,
intuition and experience will never be replaced
by numbers and algorithms, so incorporate
these methods as one tool among many.
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