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Preface

This book contains summaries of acoustic experiments conducted on the Appalachian
Mountain Dulcimer over the years 2008 to 2018. The experimental results were
previously posted to the discussion forum of the now non-operational Everything
Dulcimer website under the thread title of “An Interesting Dulcimer Experiment”.

| had started making dulcimers again in 2001 after a hiatus of about 30 years. A number
of instruments were constructed and one or two had tonal characteristics that | just did
not like. | reluctantly realized that correcting those deficiencies required knowledge that
| did not possess — how should a mountain dulcimer be constructed so as to modify its
tone in a certain direction? There were no serious acoustic studies of the instrument
that | could find, and current builders, whilst clearly producing well-regarded dulcimers,
provided conflicting and unsatisfactory answers to my questions. It ultimately dawned
on me that | would have to find out for myself, and that | would have to undertake
practical experiments that might possibly reveal the way forward. | should have known
better.

The experiments generally took the form of making a constructional change in a newly
built or modified test dulcimer, then taking and analyzing some acoustic measurements
and finally the perceptual judging of the structural change on the resultant tone of the
instrument. Control comparisons took the form of before and after measurements and
listening judgments for a single test instrument, or sometimes comparisons between a
small group of simultaneously constructed dulcimers.

There were serious deficiencies in these experimental methodologies. Although
experiments were always conducted as carefully as | could, taking into account possible
errors and confounding variables, they were not of laboratory standards. The excuse |
offer is that | had no idea of what constructional factors influenced tone — | was
therefore looking for gross effects, not subtle ones, nor just “statistically significant”
ones, so most experimental errors could be tolerated. If | could not discern a clear tonal
difference before and after an intervention, the intervention might not be of major
significance for tonal modification. The greatest deficiency was in the perceptual judging
of any change — there was a judging panel of one - myself. | like to think | am a critical
judge of the dulcimer by now, especially my own instruments, but acoustic perceptions
are notoriously unreliable, and yours might be different to mine. Take that into account
(as with all tonal advice from any luthier).



Also, the experiments deal only with the traditional full-length fretboard configuration
of the mountain dulcimer. Results may or may not be applicable to other configurations,
such as truncated fretboards with the bridge attached to the top plate. | can’t say.

When the Everything Dulcimer website ceased operation in 2018, the Dulcimer Makers
discussion forum disappeared, including my contributions to “An Interesting Dulcimer
Experiment”, and the comments from many other builders. Fortunately, Jon
Leachtenauer, another contributor, had been collecting and collating the experiment
summaries over the years and was prepared to undertake the task of re-organizing the
information to make it more accessible, and to disseminate it to interested dulcimer
makers. Together, Jon and | have edited the on-line discussions to make them more
consistent and readable, and in some cases incorporated the essence of other builders’
comments. Those builders have remained un-named mainly because of our
uncertainties in obtaining informed consent — however, their contribution often shed
further light on the matter under discussion. Experience counts for a lot.

The end result is still not a completely coherent record and the reader should be aware
that the experiments took place over a ten-year period, during which time knowledge
was continually accumulated, some of which contradicted early results. Some content
here will no doubt be shown to be incorrect in the future. Collating the experiments into
broad subject groups has made searching easier, but has necessarily disrupted the time
line of the discussion forum. For this reason, the date of each experiment has been
included in the title. | have always tried to indulge in as little speculation as a luthier is
able, but the earlier the experiment the lower the knowledge base and the more likely
the inclusion of speculation. In addition, the many sound-clips posted to the on-line
forum in support of some conclusion, could not be included here, and textual or
graphical explanations have been substituted.

Richard Troughear
Brogo,

New South Wales
Australia
September 2018



Foreword

As an amateur luthier with a science background, | began collecting Richard’s postings in the
Dulcimer Makers forum of Everything Dulcimer some ten years ago. After several years, it
became evident that in order to be of use to me, | needed to organize the material in, for me,
some logical fashion that | could better use. As | was in the process of doing so, the Everything
Dulcimer web site ceased operation. Along with others, | urged Richard to publish his work so it
would be available to the builder community. Richard graciously accepted my offer of help, and
we began this effort. It quickly became apparent that a printed paper book of over 400 pages
and 300 illustrations would not be economically practical, so we chose a DVD format.

This is not a “how to” book, but rather, in my opinion, a foundation for further research in the
construction of Appalachian dulcimers. The book leaves many questions unanswered for others
to address. Unlike the guitar and violin community, there is no published body of knowledge
spanning years of study. It is my hope that Richard’s efforts will encourage others to further his
work (and that he will perhaps continue his efforts as long as he can).

Jon Leachtenauer

Charlottesville, Virginia
USA

Xi



Introduction

| cannot tell you how to make a good mountain dulcimer, no-one can. You will never
know, except in a general way, what a new mountain dulcimer will sound like until you
string it up for the first time and play it. Even that newly released sound may not be the
end of the story — the tone may develop, subtly or significantly, over months and years
as glues and finishes harden and wood ages and settles in. Or it may remain the same.

This is not a bad thing for luthiers, new or experienced. If we had an unfailing recipe for
making superior mountain dulcimers (or any other instrument), they would be spitting
off a production line somewhere, at low cost, and there would be little call for hand-
made instruments.

Luthiers as a class, myself included, have a strong tendency to connect their building
methods with the sound of their instruments, and claims are often made that particular
woods, design, and construction methods or materials will result in a particular sound.
Instrument builders love their work, and are proud of their results. Anecdotes abound
regarding superior outcomes from particular methods or materials, but hard supporting
evidence is almost non-existent. The reasons for this situation are fairly clear — there is
no agreed upon definition of a “superior” dulcimer sound, or even a general consensus;
the sound of the instrument is by no means the only factor making an instrument
desirable; and people have individual tonal preferences for an instrument. One person’s
“superior” can be another’s “unimpressive”.

So is there a working definition of a “superior” instrument? Two that | have seen in

Mark French’s book “Engineering the Guitar” *are:

e Aluthier can be said to make superior instruments if he or she can
consistently command high prices for them.

e Asuperior instrument is one where the player does not have to work hard to
produce the sound he or she is aiming for.

These are player-centric definitions, rather than builder-centric, and as it should be. No
mention of wood or construction methods here. In fact, if a list was made of, say, ten

! French, Richard Mark, “Enginerring the Guitar:Theory and Practice”, Springer, New
York, NY, 2009, ISBN 9781441944962



important factors influencing mountain dulcimer sound, wood species might not even
make the list.

None of this is to say that luthiers in general produce poor instruments, they don’t —
many builders consistently produce fine sounding dulcimers, which are also wooden
works of art. The disconnect that sometimes occurs between the rhetoric and the reality
can be excused as artistic license and enthusiasm by a passionate builder, and is no
worse than in many other areas of advertising. However, the connection of the rhetoric
to the building process by a luthier does a disservice to a new builder, standing at the
bench, looking at the wood in front of him or her, and searching for guidance as to what
to do next. Prescriptive directions of the form “do this, and it will sound like ...” are likely
to result in disappointment.

In my former occupation as a biomedical engineer, much of my time was involved in the
analysis of the human voice, particularly the disordered voice. Many people who relied
on their voice for their occupation passed through the Speech lab at my hospital — they
had turned up there because something had gone wrong with their voice.

At the other end of the vocal spectrum are the superior or professional voices - singers,
actors, and other athletes of the vocal mechanism— and for them, in the 1980’s there
were a series of conferences at the Julliard School in New York called the Symposium on
the Care of the Professional Voice. The conference arose out of the recognition that the
high-performance voice was poorly understood; that singing teachers, whilst
individually competent and sometimes outstanding, were nevertheless speaking a
different language from every other singing teacher; and that physical science might
offer some hope of bringing uniformity of terminology and method to the
understanding and teaching of voice, with benefits to teachers and singers.

Initially, singing teachers raged against the intrusion onto artistic sacred ground by
scientists; and scientists decried the lack of rigor and fundamental knowledge of the
singing teachers. But after a few years of conferences, the huff and puff died down and
it started to dawn on both groups that both were basically correct, and that each
needed the other. Physical variables such as frequency and intensity cannot capture the
emotional essence of a voice, but unless the object of study is at least basically
physically understood, and some attempt at uniform parameters is agreed upon, then
productive communication is impossible.

When | left that field, the status was that the arts and sciences were willing to talk to
each other. Much research was done and published — pure science, artistic applications
of science, and artistic work informed by increasing underlying knowledge. But even



with all the research effort, which still continues, there was never any world-wide
agreement regarding the meaning of the various terms used to describe voices, and no
agreed upon definitions of commonly used voice measurements and assessment
methods, or agreement on their value to a teacher or scientist. The trouble is that
people were involved.

The musical instrument building and playing community is in precisely the same
situation — the friendly tension between "art" and "science"; the multiplicity of
meanings for the same commonly used terms; the interpretation of physical
phenomena in intuitive ways that mean one thing to the speaker, and something else to
the listener; the generally poor performance in transmitting genuinely useful
information from the more experienced to the less experienced. This is the situation in
which both new and experienced luthiers find themselves in 2018. The sound of their
instruments will be the subject of discussion and analysis, by other builders and by
players — both qualitatively and quantitatively. Qualitative descriptions will suffer from
misunderstandings and poor communication of meaning; quantitative analyses will be
very poor at conveying any artistic or emotional content. The experiments in this
document have largely produced quantitative information about how a mountain
dulcimer makes sound. They can make no comment on whether the sound is “good” or
otherwise. That is for the listener to decide.

For myself, | cannot say that the experiments reported here have led to consistently
better instruments, which was my initial hope. By now | have a fair idea of what | like in
a mountain dulcimer sound, and | think | can recognize a superior one when | hear it. |
also know that if an instrument turns out to have that special "something" about the
sound, it will not clearly show up in the crude physical measurements | am able to make
(loudness, attack, sustain, spectral content, etc.). As well, | understand that my
judgments are different from other peoples’ judgments when assessing the quality of
the sound, and that those judgments are colored by more than the sound itself — by
the playing style, the virtuosity of the player, the context, the appearance of the
instrument, the time of day ..... However, the results of experiment have produced
some new physical knowledge about mountain dulcimers, and gaining knowledge is
never a wasted activity. In a practical sense, the experiments have shown some areas of
dulcimer construction to be less important than previously thought by many makers, at
least in my estimation. This, in turn, has allowed me to concentrate construction efforts
on matters that consistently showed up as being more important to the tonal quality of
the dulcimer.

So the purpose of this book is not to tell you how to make a fine mountain dulcimer with
a particular tone, but to indicate in a broad way, through experimental results, how a



dulcimer might make sound, and to shed some light on the truth or folly of some
commonly held beliefs regarding dulcimer building and its influence on tone. There can
be no infallibly right, or infallibly wrong ways to make a fine sounding and playing
mountain dulcimer, and some of the information presented here will undoubtedly be
shown as incorrect as knowledge of the instrument increases. However, this
information, gained from ten years of experimentation, may help shorten the pathway
to your own realization of fine sounding, long lived, and loved, mountain dulcimers.

When in 2008 | began this series of experiments on various aspects of dulcimer
construction and sound production, the results were published on the now defunct
Everything Dulcimer web site. When that web site closed, some ten years of posts were
assembled and preserved in this book. Rather than present them sequentially, they have
been organized by general broad topics. For those who may be interested, the dates of
the original postings are shown in the topic headings. This will give the reader a small
insight into the maturity of my knowledge about the mountain dulcimer at the time of
the experiment, and to make allowances accordingly.

Organization

My first experiment (and its post script) is described in Chapter 1. Chapter 2 begins with
studies and thoughts on how a dulcimer produces sound. Chapter 3 expands those
thoughts with studies on vibration and resonances. Top plate thickness and grooving are
discussed in Chapters 4 and 5. The effects of replacing the tops and backs of a dulcimer
with different woods and bracings are provided in Chapter 6. Shape and stiffness are
covered in Chapter 7 and the influence of fretboard design in Chapter 8 and 9. Bridge
design studies are presented in Chapter 10; bracing and side linings are covered in
Chapters 11 and 12. A variety of miscellaneous design effects are discussed in Chapter
13, including such things as side ports, sound holes, and sound posts. Chapters 14
through 16 cover factors affecting tone, loudness, and wolf notes. Finally, Chapter 17
discusses the design process, provides some studies of alternative designs including
Joellen Lapidus’s Princess dulcimer, and provides a summary of various design issues.

Since Australia uses the metric system, most of the measurements provided are in the
metric system. However, there are exceptions. String diameter, string height, and string
length (VSL) use the conventional measurement in inches. Other measurements were
sometimes made in inches simply because of the tool at hand. An appendix is provided
showing the conversion between metric and Imperial measures of distance and weight.



Chapter 1
The Beginning

The First Experiment-the Topless Dulcimer-Dec 18, 2008

| had cause to modify an early dulcimer, #13, and took the opportunity to confirm
something that | had suspected for a while — that the top plate of a mountain dulcimer
is not such a critical component as it is in guitars and violins. At the time there was
considerable discussion on the Everything Dulcimer website regarding the relative
merits of various species of wood for the tops of mountain dulcimers, and how thick
they should be, and whether internal bracing was necessary or not. There seemed
general agreement amongst dulcimer makers that these things mattered to the ultimate
sound of the instrument. However, after having made twenty or so dulcimers, my own
observations did not support those conclusions — nothing | did to the tops of my
dulcimers seemed to affect the sound very much. So | decided to test some ideas on
Dulcimer #13 in an attempt to find out the truth of the matter.

For this initial experiment, | recorded the sound of Dulcimer #13 with the original top —
first a short tune, then each individual string, and then the three strings struck
simultaneously. A plectrum attached to a wooden pendulum, as shown in Figure 1.1,
made the individual and triple string strikes. Trials showed that there was good
repeatability for the method, usually within 1dB recorded sound pressure level between
strikes.

The top, which was made of Sitka spruce, was then progressively removed, and the
recordings repeated. Subsequently, the dulcimer was fitted with an untreated
newspaper top, attached with office glue, and after that thin manila folder cardboard.
The top bracing was left in place. Figure 1.2 shows top removal stages.



Figure 1.2. Dulcimer #13 - Stages of top removal



Finally, to test whether there was significant sound generated by the fretboard itself, or
by the sides, the dulcimer was filled with sand to immobilize the back, and then back
and sides, as shown in figure 1.3.

Sides free, Back immobilized

Figure 1.3. Dulcimer #13 — Immobilized back and sides

For the recordings, the instrument was isolated from the bench by 1" soft felt pads and
subsequently analyzed by the PRAAT signal processing software package. Sound
pressure levels (peak and average) and sustain were measured, as well as listening
judgments for tonal changes in the short tune recordings. Three string strikes for each
configuration and string were averaged. The results for the short tune recordings are
shown in Table 1.1.

Tablel.1 Dulcimer #13 Short Tune Sound Level Results

Dulcimer #13 Sound Levels with Progressive Top Removal
Short Tune Test | Treble String Play | Bass String Play
: Average | Tune |Average| Tune
Dulcimer L :
dB over |Duration| dB over |Duration Comments
Configuration
tune (sec) tune (sec)
Full Top 70.0 22.30 70.7 22.30
Three Quarter Top 68.2 23.10 Bass recording lost
Half Top 71.4 23.60 74.0 22.30
Quarter Top 70.1 22.70 69.8 22.30
No Top 68.9 23.80 67.2 22.70
Back Sand 59.8 21.70 59.8 22.00 Sand on back but not touching sides
Full Sand 59.5 22.20 Bass recording lost
Cardboard Top 67.7 23.50 67.0 22.40
Newspaper Top 67.0 22.70 66.0 23.50

The tune (Wildwood Flower) was recorded on the first string, and then the bass string.



There was necessarily some uncontrolled variation between trials, but even so the
sound pressure levels are surprisingly similar over all configurations except the sand
filled arrangement. Loudness seemed basically unchanged in informal listening. There
were tonal differences between full-top and the various stages of top removal, but all
configurations had an acceptable dulcimer sound. The full-top did sound better, in my
judgment, than no top, but not substantially so. The results of the sand tests showed
about 10dB lower sound levels, which would be perceived as about half as loud as the
other configurations, and not much louder than the background levels of about 55dB.
This indicates that the fretboard itself was not producing much sound. Nor were the
sides, which, even when free to vibrate, may not have been as effectively connected to
the strings as they would be when a top was in place. My actual sound preference was
for the thin cardboard top!

Results for the single and triple string strikes are shown in Table 1.2.

Tablel.2 Dulcimer #13 String Strike Sound Level Results

Dulci #13-So “ I . | E asi
' Three String Strike 15t String Strike Middle String Strike Bass String Strike
Gustain
Sustain Sustain Sustaln
1 Sec 1 Sec 1S5ec| to 1 Sec
to 10dB| Nolse 10 10¢8 | Nolse Hoise tc 1048 | Nolse
Dulcimer Configuration P;;.' ‘;: below | Floor P;: A"vo'? below | Fioor P;: ‘;o: ;3:: Floor P;‘ ‘;: below | Floor
Peak Peak (a8) Peak Peak (dB) Pesk | Peak (dB) Paak Peak | (dB)
{wec) (oec) (sec) | {vec)

Full Top 80.1 | 65.9 0 35 | 547 |72 5 62.0 | 0.40 | 54.2 | 69, 8 60. 1 041 53.8 1693 587 037 | 538

Thees Qusrter Top | 71.8 | 59.9 | 0.28 | 53.9 |74.6| 64.9 | 0.50 | 54.1 | 82.0 | 67.0 | 0.24 | 53.9 |68.6 57.0 | 0.20 | 53.7
Haf Top (lower Bouts) | 82.3 | 67.7 | 0.18 | 53.8 |74.6| 64.8 | 0.51 | 53.5 | 688 | 58.4| 0.35 | 53.7[69.6 50.0 | 0.35 | 53.9

Quarter Top 821 | 67.9 | 0.26 | 54.0 [73.4] 64.6 | 0.62 | 53.6 | 70.5 | 59.8 | 0.37 | 53.7 |71.9| 58.9 | 0.17 | 54.4
Mo Top 822 | 67.6 | 0.25 | 537 [73.2| 646 | 0.64 | 534 [ 71.3 | 60.9 | 0.40 | 53.6[70.6| 58.6 | 0.24 | 54.0
Back Send 313 595 0.02 | 5456 71 5744 013 | 54.4 | 68.0 | su 0.06 | 54.6 681 su 0.05 | 53.4
Full Gand B (TN su 55.0 | 0.07 | 53.6 | 67.1] 547 0.07 | 53.7 | 694 54.3 T 0.04 | 535

_ Cardbosrd Top 8»02 070 0.27 | 4.2 715 619 027 54.5 _877 592 068‘_538 707 578 014_ 53!
Newspaper Top | 816 639 0.12 | 548 731 612 0.28 | 541 68.9 | 56.9 | 0.19 54.3 | 701 565 0.09 | 54.1

Overall, there was not a lot of difference in loudness from full top, to no top, to paper
top, although there are one or two unexplained anomalies for the % top setup. Again
the sand tests showed lower loudness and also a much lower sustain. So in the absence
of much sound coming from the fretboard, with the top removed, the dulcimer-like and
adequately loud sound must be coming from the back, and possibly also from the sides
coupled to the back (with no sand).

This topless dulcimer configuration is not a new thing. A number of European zithers,
such as Kanteles and Hummels, often have no back. In this dulcimer case, the back
becomes the new top with sound radiating from the vibrating inner surface of the back,
and also driving the sides. This is not to say that a mountain dulcimer does not benefit
from having a top plate. At least two things, which will affect the tone, are lost without



the top plate. The first is the influence of internal air resonances on the sound. These
cannot develop in an open dulcimer body, but do contribute part of the total sound in
an enclosed instrument. Some air vibration sound emanates from the sound holes and
adds to the sound generated by the wood vibrations. The second effect of the enclosed
air space is the interaction of the internal air resonances with the wood plates of the
dulcimer. Pressure changes inside the instrument will cause the wood plates to vibrate
and so to emit sound. This complex interaction between the internal air sound and the
wood plate vibrations is what gives an individual instrument its unique sound. Whether
the sound is better with or without a top is for the listener to decide. However, general
opinion seems to favour having a top plate!

So what has the experiment shown? The removal of the top plate did not markedly
reduce the loudness of the instrument. Elements of the sound that are related to air
resonances were lost and the tone was modified, but it remained acceptable, as it still
does ten years later. The experiment points to the likely possibility that the top plate
itself is not the principal driver of the sound, other than the acoustic consequences of
enclosing the air cavity. It follows that the parameters of the top plate — wood species,
thickness, bracing, etc., are not as important in mountain dulcimers as in other
instruments, such as guitars. If this is so, it allows makers more latitude in selecting tops
based on aesthetics rather than assumed acoustic qualities, and frees them to
concentrate on areas that do significantly influence the sound. In this case | think the
prime candidate is the fretboard. The top plate does vibrate vigorously in a mountain
dulcimer, not, however, because of its own intrinsic parameters but under the influence
of the glued-on fretboard, which is both more massive than the top plate, and also
much stiffer. The fretboard parameters swamp the top plate parameters in controlling
the sound of the instrument.

The First Experiment — Postscript-Sep18,2018

The experiment described above was not actually the first that | had undertaken. In
2002, six years before the topless experiment | had made two dulcimers, notionally
identical, except that one had a hollow fretboard and the other had an arched fretboard
(Figure 1.4).



Dulcimer #13 -prior to top removal
=  Arched fretboard

Ddcime;' #14 Hollow Fretboard

The hollow fretboard dulcimer, #14, was given to a friend, who hung it on her wall for
sixteen years, where it became a home for wasps nests. The arched fretboard dulcimer,
#13, was kept and subsequently used for the topless experiment.

The purpose of making the two was the same as many makers must have done before
me — to see if there was a clear tonal difference between an arched fretboard
instrument and one with a hollow fretboard. Only informal listening tests were
undertaken at the time, but the general consensus was that they both sounded pretty
much the same. If the experiment were to be done today | would accept that any tonal
difference was no more than would be expected between any two dulcimers of the
same shape and size, irrespective of constructional differences. In other words, the fact
that one had an arched fretboard and the other a hollow fretboard did not make them
sound characteristically different.

In 2018 the friend returned #14 to me, which, after removal of the wasps, allowed
comparison with #13, now with no top. A manila folder cardboard top was again fitted
to #13 (Figure 1.5).

As an aside, it is interesting to note the change in color of the New Guinea Rosewood
sides, fretboard and scroll in #13 which was exposed to light, and the red of #14 which
was in a darkened area for sixteen years. New Guinea Rosewood is a species of Padauk.
Many woods show this change of color with light exposure over the years.
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Figure 1.5. D#14 hollow and #13 arched fretboard, cardboard top; 2018

Recordings were made of the two — one with a spruce top and the other with a light
cardboard top, as well as spectral analysis and vibrational modal studies. The bridge tap
spectrum for the two dulcimers is shown in Figure 1.6.

Bridge Tap Box Resonances D13 - Manila Folder Top
236; 303; 344; 423; 445; 550; 627; 645Hz

Manila Folder Top

Bridge Tap Box Resonances D14 - Spruce Top
243; 3012; 344; 366; 4347; 455; 52THz

Spruce Top

Figure 1.6. Bridge tap spectra — cardboard top and Spruce top
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There is a clear resonant structure in the cardboard-top spectrum, although the first air
resonance, at 236Hz, is weak, and this probably accounts for the less mellow sound.

The actual vibrations of the cardboard top were not as crisp or clear as the spruce top.
An example is shown in Figure 1.7.

Plight Cardboard Top

Figure 1.7. A vibration mode for manila folder and spruce dulcimer top

Recordings were made of the same tune with various microphones and recording
setups. The end result was that there was a tonal difference between the two
dulcimers, and in blind listening tests | did prefer #14, with a spruce top. However, | still
liked both of them almost equally.

So at least for my own preferences, a good quality wood top plate is preferred over a
paper top, but not significantly so.
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Chapter 2
Dulcimer Sound Production

Dulcimer Sound Production Theory-Jan 08, 2009

In the early stages of experimentation, clamping the ends of a mountain dulcimer in
order to make some measurements was fundamental to what | wanted to propose as a
sound production model for the instrument; i.e., the mountain dulcimer as a vibrating
bar. It was almost a make or break requirement. | tried clamping and found it extremely
difficult to immobilize the two ends of a dulcimer. In fact, almost impossible. Figure 2.1
is a picture of an attempt to clamp a dulcimer to a large beam. It was clamped nearly to
the point of crushing the scroll and end block.

Figure 2.1. Attempt to immobilize the ends of a dulcimer
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To my surprise, the dulcimer sounded louder, and better, when clamped to the log—
substantially louder and better. More than that, the log itself was vibrating strongly!

Some attempts to explain mountain dulcimers have invoked complex and esoteric
mechanisms for sound production, when even the core basics have not yet been
explained. As a community, dulcimer luthiers were ahead of ourselves in explaining
dulcimer functioning — there was almost no actual evidence, other than unreliable
anecdote, to back up any claims. So | made a basic proposal, well ahead of definitive
proof; and in due course, experiment showed this to be partially true.

Proposal of a Basic Sound Production Model for Mountain Dulcimers

The production of sound in a mountain dulcimer can be largely explained by treating
the instrument as a vibrating bar rather than as a group of vibrating plates.

When the instrument is treated as a complex bar, many things fall into place, at least
things that | could get no answers for.

For example, former considerations about how the top and back vibrate resolve into
how do they contribute to the overall stiffness of the box/bar structure. Their individual
contributions become less relevant. So, whether there is a back, or a top, or both, it
doesn't matter — what matters is the stiffness of the structure, and how that translates
into bar-like vibrations. Any large surface will vibrate as part of the "bar" and produce
sound (think marimba bar, only hollow and more complex in shape). The reason the
topless dulcimer did not lose loudness was because the bottom was still vibrating as
much as the top formerly was, and the inside of the back became the new "top".

| did not then want to make a full sound production model proposal before doing some
more supporting experiments, and as it transpired, a full sound production model was
not proposed. But to that point, nearly all of what | knew about the instrument could be
better explained if treated as a bar, rather than thinking about which bits were
individually vibrating.

That is the basic proposition. Overlaid on that will be all the subtleties and mysteries
that all wooden musical instruments exhibit — air vibrations, air/wood interactions,
localized wood resonances, etc., all too complex for the mind to grasp. Mostly, we seem
to have been addressing the subtleties, which is fair enough when talking about the
distinctions between two dulcimers, and what might be done to produce a characteristic
type of sound. But those explanations never made clear to me how the instrument
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basically works. These experiments are an attempt to provide that underpinning
explanation.

Returning to a method of immobilizing the ends of a dulcimer, a proposal was made by
another maker to mount the dulcimer on posts set in concrete. This is not a bad idea for
solidly mounting an instrument in space, but | needed to make sure the whole
instrument can't flex, and flexing is still possible here. Even steel star pickets bolted
between the tops of the two posts might allow some flexing.

A free bar needs its end to be unconstrained for it to vibrate; so rigidly fixing the ends
should basically kill most of the normal sound of a mountain dulcimer if it is acting like
a bar. It might still vibrate like a "string" in that configuration, but it is unlikely to be a
normal dulcimer sound in frequency spectrum and amplitude. If sufficiently
immobilized, putting a pickup on the ends should show much less vibration than when
free. This test would then confirm or disprove the idea of the dulcimer as a vibrating
bar.

When | say a bar needs to be free at both ends to vibrate, | mean a free bar, which is the
model being proposed. There are other types of bar vibrations where one or both ends
are immovable, as in Figure 2.2. Clamping the dulcimer was an attempt to deny it the
opportunity to act as a free bar.

One theory has it that a dulcimer acts as a bar fixed at both ends. | cannot subscribe to
this explanation for the main reason that the ends of a dulcimer are not fixed at all and
are as mobile as any part of the instrument, which adds support for a free bar model.

You can tell this by just holding an end whilst strumming — strong vibrations can be felt.

Also, though not relevant to one model or another, the bridge and to a lesser degree the
nut, and therefore the string ends, are not really fixed in relation to the body of the
instrument. They can move around quite a bit. Not as much in a dulcimer as in a guitar,
but still mobile relative to the body (we are talking microns here).

So I’'m setting out to prove, or disprove, the proposition that a mountain dulcimer

vibrates in the way a free bar would (although in a more complex and less predictable
way), as in the free bar pictures in Figure 2.2.
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Bar Vibrational Modes

Clamped bar Free bar

Figure 2.2 Vibrations in free and clamped bars

One test to investigate the box/bar proposition would be to absolutely fix the ends of a
real dulcimer so there was no possibility of them moving. That’s what | tried
unsuccessfully to do with the dulcimer on the beam in Figure 2.1. | could bolt the
instrument to the garage floor, but then | couldn’t get it on the bench for measurement
under standard conditions.

Guitar, violin, mandolin, ukulele, and other instrument makers have access to a basic
understanding of how those instruments work, as a sort of ground zero starting point.
Mountain dulcimer makers don’t — that’s what | hope might come out of these
experiments.

Approaching the matter from the standpoint of wave dynamics or similar mathematical
approaches is too inaccessible and esoteric for most makers, and I’'m not convinced it’s a
workable method anyway. So, in these experiments I'll stick with the familiar and
measurable variables of mass, stiffness, frequency, etc. Secondary effects such as the
contribution of internal sound reflections and the materials' acoustic transmissibility Ill
have to leave to future generations. Those effects are unlikely to be part of a basic
model.

However, none of these proposals is proved one way or the other; i.e., the mountain
dulcimer as a bar, fixed or free, or as a collection of independent vibrating surfaces, or
any combination in between. Some day some light might fall on the matter, but there is
no reason to stop building in the meantime, or put off starting. Our lack of knowledge of
how the instrument works does not preclude fine instruments being made.

16



Dulcimer Sound Propagation-Jul 14, 2009

It has been proposed that the sound generated by a dulcimer vibrating is not only
radiated outwards, but also propagates within the instrument where it can be reflected
from the internal wood structures, and further, that this internally radiated/reflected
sound can pass through (mainly) the top of the instrument to the outside, where it is
heard as a significant component of the total dulcimer sound.

| hadn’t considered this proposition before, (of internal sound audibly passing through
the wood) and haven’t heard any luthiers mention it as a component of the sound of an
instrument. However, I've come across references that seem to indicate that wood is
nearly transparent to sound. In addition, | asked one of Australia’s leading luthiers about
this and his reply was that there might be something in it (but with a sort of implication
that it wasn’t of critical importance).

So, | looked into the matter a little, and soon found a wall of information, academic and
practical; more than | really want to know about.

But some things are clear:

e when sound impinges on a wood panel through the air; some of it is reflected
from the surface; some is absorbed in the wood and the energy lost; some is
scattered; and, some is retransmitted as audible sound,

e less dense woods will pass sound more easily than heavy woods (the “Mass Law”
of airborne sound transmission loss in a material),

e doubling the thickness of a panel reduces the sound transmission level by about
6dB,

e the sound that passes though is highly filtered; lower frequencies, below about
1kHz, pass more easily than higher frequencies, and

e the stiffness of the wood will influence the sound transmission properties, and
the frequency dependence of the absorption can be non-linear.

This is interesting, but | wanted to know what general magnitude of sound transmission
through a dulcimer top plate might be expected — is it a significant level; is it a
secondary effect; or does it not occur audibly at all at the sound levels of a playing
dulcimer?

| did the following crude test to get some idea.

A small loudspeaker was placed in a wooden box made of dulcimer top scraps, about
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15cm x 7cm x 7cm. The speaker rested on a soft foam pad and didn’t touch the sides of
the box; it was connected to a personal computer sound card. A signal analysis
computer program (Visual Analyzer 2009) provided a swept sound tone to the speaker
over the range of 100Hz to 4000Hz, whilst simultaneously picking up and analyzing the
sound from the speaker via a microphone suspended 30cm directly above the box
(Figure 2.3). Recordings were made of the un-boxed speaker to have a baseline to
compare against (Figure 2.4).

Figure 2.3. Speaker on foam pad

Figure 2.4 Speaker on foam pad in box

Several pieces of wood were used to cover the top of the box to measure the
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transmission of the sound through them - two samples of Western Red Cedar (2.1mm
and 3.6mm); 3.3mm Acacia Implexa (density 713kg/m3); and 3.1mm Alpine Ash, a
680kg/m3 eucalypt. The wood samples covered the top of the small box enclosing the
speaker (Figure 2.5).

Figure 2.5. Speaker box covered with wood

Multiple trials were performed on each sample, as well as an open, unboxed speaker,
and repeatability was very good. Being small and low quality; the output of the speaker
was quite ragged, but it was the difference in sound level at various frequencies that
was important, so the poor speaker could be accommodated (although not much was
happening below 250 Hz).

Sound transmission results from the four samples of wood were quite similar, with the

thin Western Red Cedar allowing slightly higher level of sound through. The frequency
spectra of the results are shown in Figure 2.6.
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Figure 2.6. Long term averaged swept frequency spectra (100 to 4000Hz) with speaker
in or out of box, and with box open, or closed with plates of sample woods

In all cases there was between 5dB and 35dB of sound loss through the wood sample,
depending on the frequency. If the chart of the 2.12mm WRC (lower left in Figure 2.6), is
smoothed and the sound loss measured compared to the open boxed speaker, the
result is shown in Figure 2.7.
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Frequency

2.1mm Western Red Cedar Plate

Sound attenuation relative to no plate
500 1000 1500 2000 2500 3000 3500

(ie no intervening wood plate)

dB Relative to Open Speaker Level

Frequency (Hz)

Figure 2.7. Sound transmission loss through 2.1mm Western Red Cedar plate

Experimental uncertainties aside, it appears that typical dulcimer thickness top woods
will attenuate sound by an average of about 15dB over a 4kHz range. That’s a significant
30-fold reduction in sound level compared to sound generated directly from the outside
surface of the instrument.

Interestingly, the rubber band shown in Figure 2.5, holding the test plate of wood in
place, contributed a further 5-10 dB loss in transmission. | moved it to the end of the
box, then finally did the tests with the plates just resting on the top of the box (it was
sanded flush, and the plates were flat).

The conclusion | draw from this is that there can be some sound transmission through a
dulcimer top plate, but that it would have to be considered as a secondary sound
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contributor compared to directly radiated sound, although some of this “internal” sound
could exit the top through the sound holes as well as through the wood.

Dulcimer Sound Production Theory Revised -Mar 11, 2010

My proposition that mountain dulcimers could be treated as a complex vibrating bar,
rather than vibrating plates, reported above, cannot be fully supported.

Sound spectral and vibrational experiments show me that only the first bar vibrational
mode is present, and is surrounded in frequency by vibrations of the air inside the box,
and the wood plates themselves. There seem to be some generalizations that can be
made from these vibrational tests.

1. Mountain dulcimers identifiably vibrate at the first bar mode, but not at higher bar
modes (at least not that can be easily identified). See Figure 2.8.

Figure 2.8. First bar mode vibration pattern for three dulcimers

The patterns on the dulcimers, when excited by the loudspeakers at about 330Hz, are
consistent with the instrument flexing up and down like a xylophone bar, and hence
making sound. That region of the sound spectrum does seem important to the quality of
the overall sound, so the fact that the dulcimer box is bending like a bar in its lowest
mode, is still important, and different from guitars and violins in this regard.

However, if the dulcimer as a box-bar acts anything like a solid bar, then the 2nd and 3rd

22



bar vibration frequencies would be predicted to be about 900Hz and 1800Hz. These
higher bar vibrations might still be present, but | have not been able to identify them in
vibration studies, possibly because other complex plate vibration modes close by in
frequency would mask their appearance.

2. It appears from vibrational tests that the tops and backs of mountain dulcimers
vibrate as plates, and that the tops and backs resonate at pretty much the same series
of frequencies as shown in Figure 2.9.
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Figure 2.9. Top/back vibration patterns and box-tap spectrogram for hollow fretboard
dulcimer
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Figure 2.10. Top/back vibration patterns and box-tap spectrogram for arched fretboard

dulcimer

Figures 2.9 and 2.10 show only some of the resonances. Of the ten or so resonances
below 1000Hz in the top plate, one or two did not have a matching resonance with the

back that | could excite with the speakers.

Even though the patterns of the top and back vibrations are different to each other (at
the same frequency and in the one dulcimer); the fact that they resonate together at
multiple frequencies might indicate that the top and back plates are coupled in some
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way, either by the air in the box transferring energy from the top to the back, or the
energy from the top transferring via the sides to the back. In general, other than the first
bar vibration resonance, the tops seem to have a rather simple mode of vibration — just
up and down, at multiple frequencies. This is the "trampoline" mode of vibration. Backs
can vibrate in more complex ways because they are not so constrained by the mass and
stiffness of the fretboard.

3. There might be other modes of vibration not usually considered.
In free tops and on one complete dulcimer, | have seen evidence of a twisting vibration.

This is shown as a line of stationary particles along the fretboard at a particular
frequency (Figure 2.11).

e
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Figure 2.11. Evidence of twisting vibration

Figure 2.11 shows vibration at a reasonably high frequency, so | wouldn't say it is
important acoustically, but it's something | had not expected. It may arise because of an
asymmetry of dulcimer construction, either deliberate or accidental. It could be the
dulcimer equivalent of the guitar cross-dipole vibration mode, where one side goes up,
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while the other side goes down. Or, it might be reasonable to think that a dulcimer can
vibrate as a bar in a horizontal direction. The isolated fretboards certainly do.

Some support for the “1* bar mode only” comes from vibration studies of three
instruments with backs and sides only, with end blocks and tuning hardware, but tops
and fretboards not yet glued on. There is a clear bar mode as the lowest vibration
resonance (Figure 2.12).

So, mountain dulcimer do vibrate as bars, but also in other complex ways.

D49 Back and sides only -
no top/fretboard

.
) 5' .

S 0 0 o« e Sl
Figure 2.12. Back vibration of dulcimer with no top/fretboard, showing a bar
vibration mode.

In undertaking these vibration mode studies, the instruments are mounted on soft foam
blocks on the speaker box or suspended on rubber bands stretched across the speakers.
The distance from the speaker rim is only about 1". There are resonances in the box
housing the speakers, but much lower than the dulcimer resonances — it's a heavy box,
and it's easy to see if any speaker box resonance coincides with a dulcimer resonance.
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The speakers are 12ohms, in parallel, and in phase. | used two speakers to excite the
whole instrument. Guitar testers typically use one speaker, held in the hand, and hold it
close to the spot on the guitar that is expected to vibrate. | use a 100 Watt amplifier —
dulcimers are very stiff and it takes a lot of acoustic energy to get them moving.

Measurement Equipment and Thoughts-Aug 30, 2010

Other than the odd microphone amplifier, | don't have any special equipment for doing
spectral analysis or sound pressure level (SPL) measurements. Sound is recorded
through the computer sound card and analyzed by signal analysis software. The fact that
the room is a normal reverberant one doesn't affect results too much if the microphone
is close enough to the sound source — these are not laboratory standard experiments in
any case.

| get by with three software items.

1. An ordinary sound recorder software package. | use Audacity, but there are any
number freely available. | save the recordings in .wav format for analysis.

2. An off-line signal analysis suite for the recordings made using Audacity. | use PRAAT,
which is free at http://www.praat.org. This is a voice oriented research analysis
package, and fairly idiosyncratic, but it does a lot of things very nicely and is free. It can
record its own sound files, or use .wav files. There is a Mac version. Results and graphs
can be saved, but are in Postscript format. Screen Capture is easier, saved as JPEG
images.

3. For real-time averaged Fourier spectral analysis, | use Visual Analyzer, which is
available free at http://www.SillanumSoft.org. Again it is somewhat idiosyncratic; e.g.,
you have to save the pictures as "text" files which actually are saved as
filename.txt.wmf, and are .wmf files. But the software does a lot of useful things in real
time. If users are unfamiliar with basic signal processing techniques, things can get
completely out of control. However, if the setup is left in a standard configuration things
would be OK.

This is about all that's needed to do tap spectra and to analyze the sound coming from
an instrument — recorded or in real-time. Most of what happens in a dulcimer (or guitar
or violin), that we have any hope of controlling, happens between about 100Hz and
1000Hz. Above that it gets very chaotic (but not in the mathematical sense), and
vibration modes tend to run together.

27


http://www.praat.org/
http://www.sillanumsoft.org/

The vibration analysis is essentially just a rig to suspend an instrument over some
loudspeakers powered by a 100 watt amplifier and driven by a sine wave generator with
a frequency meter accurate to 1Hz. It is a very noisy business. You would need a sound-
proof room to do it in the suburbs or the neighbors would be calling the police.

Like musical instrument making, | think you could expect to spend a year or so just
practicing with sounds and analyzing them until you started to get a feel for what you
were doing. But even so, it is interesting anyway.

Regarding sound holes, their size and placement, a smaller sound hole will tend to have
a radiation field that is omni-directional, and a larger one a sound field that is directed
vertically from the hole and doesn't spread out so much. It will depend on the
wavelength of the sound relative to the diameter of the hole.

| should also point out that almost none of this information gives any clear guidance on
how to make better dulcimers. At most it might give a general indication of the state of
things, acoustically, and some hints about how you might approach something. For
better or worse, | now don't worry about the top material or its parameters very much,
because of the overriding influence of the fretboard in comparison, and | think more
closely about what | do with fretboards. In the past | would agonize over the properties
of the top, and the quality of the wood, and its thickness, etc., and then mount a
fretboard that seemed OK. To my mind that was misdirected thinking - so the studies
have directed me to what | now think are more valid areas to produce better results.

The notion of what is "best" is subjective of course. | think | would recognize a superior
sounding dulcimer if | heard it, and I'm fairly sure | can recognize a poor sounding one.
But I'm a little shaky about whether | could tell if a change made to an instrument
produced a better or poorer sound, as opposed to just a "different" sound, especially if
the sound change was not substantial. And one sound does not fit all; otherwise we'd all
have one dulcimer, and one guitar for all the styles we played.

In terms of the environment in which a dulcimer is made, | once made two spruce-
topped dulcimers during a week of rain and high humidity (didn't know any better at the
time). Both had heart-shaped sound holes and both tops split at the point of the heart
when the weather dried out. This points to the critical necessity of doing all cross-grain
gluing when the humidity is about 45%

Stresses in a structure can focus at sharp discontinuities. Does this mean that the

internal glue joins between the tops/sides and braces should be rounded? Probably not.
The right-angle that brace edges form against the top and back probably do focus
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stresses there, but that's how everyone has always done it, so the components must be
amply strong enough to cope with normal stresses.

If I can, | like to do the same measurement on as many instruments as are available
before | feel confident I'm looking at a general finding. The making of mountain
dulcimers might now be fairly mature, but our detailed understanding of them isn't, and
may never be, so I'm happy if | can come to any gross conclusions. For instance, there is
always jitter in the frequencies of sequential tap resonance spectra, and | don't know if
that's significant acoustically, or is a result of changes in the weather, or if it's just
measurement variation or something else. But overall, the tap spectrum of an individual
instrument stays remarkably stable over months or years in terms of general spectral
profile and position of the resonances. But even the gross aspects of an instruments’ tap
spectrum can be difficult to interpret, let alone any jitter around the mean, so we have a
long way to go before we need to wrestle too much with the errors in experimental
measurements. However, | always keep in mind the magnitude of the errors | might be
dealing with, and draw conclusions accordingly.

Value of experiments- Jan 09, 2016

For me personally, experimenting has not lead to consistently “superior” instruments.
By this stage | have a fair idea of what | like in a mountain dulcimer sound, and | think |
can recognize a superior one when | hear one. But | never know until | string up a new
instrument what it will sound like, except in a very general way. And | know that if an
instrument turns out to have that extra "something" about the sound, it will not clearly
show up in the crude measurements that | can make (loudness, attack, sustain, spectral
content etc).

For the rest of the world, | have no idea what any one individual might consider a
superior instrument — no one does. That is one of the problems with mountain
dulcimer comparisons — there is no consensus about good, bad or excellent. So making
measurements and doing experiments can not help much when there is no target to aim
for - other than the most general of descriptors such as bright or mellow - and even
those very general terms are unreliable; one persons' "bright" can be another person’s
"mellow".

So, the experiments | do cannot provide a recipe for making superior instruments. But
by gaining information about how a mountain dulcimer produces sound, the scene is
better set for makers to concentrate more on matters that might affect the sound and
worry less about things that have been shown to affect the sound less. For example,
before | started experimenting, | did not know that in one vibration mode dulcimers
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vibrate like a xylophone bar—but they do, and it informs my thinking about where to
put the three feet on the bottom so | don't damp out that vibration when played on a
table. Also | no longer stress out about top bracing, string break angle, top wood
species, hollow or arched fretboard types, sound ports and sound posts, etc., etc. | know
the answer to these things now, to my satisfaction, which, unfortunately, | didn't before
because of the variety of different answers from a variety of luthiers.

In a general sense, there are no right answers, and no wrong answers, just different
answers. The same applies to dulcimer sounds, no better or worse, just different. One
person will like one different sound better, and another will like a different sound better.

Chapter Three
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Dulcimer Resonances and Vibratory
Behavior

Dulcimer Vibration Patterns-Feb 05, 2009

It would be good to discover and catalog characteristic vibration patterns of the
mountain dulcimer, both in the free top assembly, and the completed instrument. But
first, consider this (which is relevant to any method that measures the vibration at a
single point on the dulcimer surface).

1. The vibration pattern will be complex over the whole of the instrument body, so
readings at a matrix of measuring points would need to be taken on the top, back, sides
and end blocks, for example.

Figure 3.1. Example of a dulcimer free top vibration pattern

2. The vibration at each point will be frequency dependent, so multiple sets of readings
would be needed over a range of excitation frequencies. In practice, readings are usually
taken at identifiable resonant frequencies at which the largest vibrations occur, and
which shape the sound timbre. There might be between five and ten of these below
about 2000Hz.

3. The vibration patterns measured on a dulcimer may be unique to that instrument;
i.e., not representative of dulcimers in general. So, a number of instruments, of the
same basic design, should really be measured to confirm that the vibration patterns are
characteristic of that design, and not just one instrument. For every different design
there are likely to be a different set of vibration patterns (or modes).

We're starting to get to a serious investment in measuring time here, and unfortunately
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| think the likelihood of a generalized outcome is low.

In the guitar and violin world some progress has been made in the science/art of “free
plate tuning”, which is essentially a hard-measurement extension of tap tuning of top
and back plates for those luthiers who don’t have the 20 years left to learn that method,
or who like to see pretty pictures of plates vibrating. An isolated top or bottom is
excited into vibration by a nearby loudspeaker; sawdust or something similar (dried
oregano leaves from the kitchen) is sprinkled onto the plate; and the loudspeaker
frequency is varied until the sawdust jumps into patterns of nodes and antinodes.
Several vibration resonant modes might be examined for frequency and the shapes of
the patterns. The plate thickness or bracing can then be varied and the measurements
repeated until the desired patterns and frequencies are achieved. Then the plates are
assembled into the instrument with the hope that the changes in vibration modes,
caused by gluing the free top and back plates to the sides, will result in a more favorable
instrument. It seems as much an art as a science to me. However, for violins and several
types of guitar, there are now known general patterns that at least serve as a starting
point for free plate tuning, and end results can be good.

There’s nothing like that for mountain dulcimers, so I’'ve measured the free plate
resonant modes of the tops and bottoms of the last twenty or so instruments I've made
in the hope that some common patterns might emerge. No such luck. What I've found is:

1. The free plate vibration modes of an unbraced top and back, without fretboard
mounted, have some similarity to violin back plate vibration modes and are fairly
repeatable across different plates and for both tops and backs; i.e., provided the plate is
the same shape, the vibration patterns are basically the same, but the mode frequencies
depend on the plate density and stiffness. The top and back plate vibration pattern from
two different dulcimers - no bracing or fretboard, just the thin plates, are shown in
Figure 3.2
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Figure 3.2. Examples of vibration patterns for unbraced dulcimer plates

2. When braces and fretboard are added the vibration modes change completely in
patterns and frequency (Figure 3.3). The patterns can be heavily influenced by the
position of the braces, but not always. (Keep in mind this is in the free top assembly, not
the assembled instrument.)

3. The vibration mode patterns and frequencies are different for each bracing pattern.
Shaping the top braces may lower the resonant modes by only about % semitone,
because the top bracing is completely overshadowed by the stiffness of the fretboard.
Adding back braces may eliminate some of the lower vibration modes and may raise the
resonant frequencies by roughly one octave over the unbraced back, and shaping the
back braces has more of an effect than on the top, but still small.

33



4 '.ﬂ"ﬂ"“‘i-“)“ hbshulbi bl

Figure 3.3. Examples of vibration patterns for braced dulcimer tops

Overall, I haven’t discovered any generalized vibration patterns for the free top and
back plates, or data to link the free plate vibration modes with the completed
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instrument resonances, or any correlation between different bracing patterns or
vibration patterns and subjective auditory results.

| think this means that in the mountain dulcimer world the variety of instrument shapes,
building methods, and design details probably preclude the assembly of a set of
standardized top and back vibration patterns in the free top.

| don’t do free plate measurements anymore because it hasn’t helped me produce what
| think are better sounding dulcimers. It might be a helpful method if | froze the design
and spent the next decade making only that style, and systematically studied each one
as | made it, and then applied some standardized listening test or hard measurements
correlated with known listening preferences. But then it might not.

The same vibration method can be applied to the completed instrument — at least to the
top and back because they're generally flat. I've only done a little of that because
changes can’t really be made after the instrument is finished, and also, | don’t know a
method of correlating the vibration patterns with the sound quality.

In place of loudspeaker drive modal analysis, | measure the acoustic resonant properties
of the box and the enclosed air by tapping with a small rubber hammer (a pencil eraser
on a stick), and sweeping sound inside with a small loud speaker and analyzing the
frequency spectra of the resultant sounds (Figure 3.4). These end up more generalized,
over all designs and construction methods, and between makers — but still no
identifiable correlation between resonant peaks in the sound spectra and quality of
sound of the instrument. What is known is that each resonant peak in the tap spectrum
represents at least some part of the dulcimer that is vibrating at that frequency, but
which part cannot be determined from the spectrum alone. | continue to do these
measurements on each instrument because it’s easy to do (just a microphone, a lap top
and a knuckle is all that’s needed). One day some general insight might dawn on me if |
do enough dulcimers.
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Dulcimer #78 Bridge Tap - Box Resonances
Tualang/Western Red Cedar
197 (1st Air): 353 (2nd Air); 429; 494: 770: 886; 1178; 1253Hz

Dulcimer #78 Frequency Sweep - Air Resonances
Tualang/Western Red Cedar
199 (1st Air); 342 (2nd Air): 484: 577: 995Hz

Figure 3.4. Example of bridge tap and air cavity spectra of completed dulcimer
First and Second Air Resonances -Apr 22, 2009
| always measure the first and second air resonances of the dulcimers | make.

| do this in two ways - firstly by blowing across the sound hole with the barrel of a ball
point pen and analyzing the resultant "rum jug" tones; and secondly by inserting a small
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loudspeaker inside the instrument and sweeping the frequency from 50 to 800Hz and
recording/analyzing with a microphone at the other sound hole. The results are the
same; but if you blow really hard the frequency of the tone can vary a bit, and the upper
bout sound hole will jump from the first air resonance tone to the second as you blow
harder. Sometimes the shape of the sound holes won't allow the air blowing technique
and | rely on the speaker method.

| also repeat the exercise with the instrument held firmly on my lap, arms wrapped
around the sides and forearm pushing down on the fretboard. This is to try to stiffen the
overall sound box and get closer to the Helmholtz resonant frequency which requires a
rigid sound box. The result is always an increase in the first and second air resonance
frequencies, which is expected.

But one dulcimer | made did something | hadn't noticed before. It had a very strong air-
blow note, but if | touched, even lightly, the middle of the back at the lower bout whilst
blowing, the tone stopped. So | made some quick measurements on three instruments |
had nearby to see how much the back was vibrating under the influence of the air
vibrations within the box; i.e., air-box resonance coupling.

The instruments were mounted upside down on the bench with cork blocks at the nut
and bridge (strings tuned but damped). A workshop air compressor was used to initiate
the loudest sound hole tone across a lower bout hole, and sawdust sprinkled on the
back to see the patterns. Brace locations are marked with paper strips. These are
completed dulcimers; all had prominent "rum jug" tones. The results were:

Dulcimer No.4. Made in 1970; Plywood, 4mm, no braces, not very stiff box, quiet and
sweet sound. Weight 2.52lb, 1st air 208Hz; Helmholtz frequency 233Hz (constrained
back, sides, and fretboard). Many air resonances set the back into vibration. The ring at
the edge of both bouts shows that both are vibrating strongly in the simplest vibration
mode.

™ =
Figure 3.5. Dulcimer No. 4 vibration pattern
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Dulcimer No.42. Fairly stiff Tasmanian Blackwood box, loud and woody sound. Weight
2.6lb, 1st air 201Hz, Helmholtz frequency 223Hz. It is just possible to make out a rough
ring on the lower bout indicating it is vibrating. Touching the middle of the ring stopped
the sound.

Figure 3.6. Dulcimer No. 42 Vibration Pattern

Dulcimer No.38. Very stiff Acacia Implexa (Lightwood) box, loud and bright sound.
Weight 3.2lb, the heaviest I've made to date. 1st air 218Hz, Helmholtz 219Hz.

Figure 3.7. Dulcimer No. 38 vibration pattern

Hard to see here, but there is no sawdust pattern produced by the air resonance
coupling to the wood; i.e., the air vibration has not set the wood into vibration.

I'm not sure what to make of these observations, but some comments are:

1. The loudness increased as the box stiffness increased #04 < #42 < #38 (but #04 has
the bridge on the end-block, the other two about 4" in, so it's not a fair fight).

2. A light/flexible box (#04) encourages air/wood resonance coupling; #38 was so stiff
there was no observable air/wood interaction; and at some point as box-stiffness
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increases, the coupling of air resonances with the wood ceases, and can easily be
quenched by touching (#42).

3. The back of the very stiff box, #38, still vibrated under the influence of the strings, as
did the other two.

4. The stiff box of #38 did not reduce loudness very much when played on the lap. The
flexible box of #04 was highly damped when played on the lap; #42 was intermediate,
but closer to #38; i.e., slight knee damping. Although these are subjective listening
evaluations on my part, this might imply that it's the wood vibration coupled to box air
vibrations that are mainly lost when playing on the knee, rather than wood vibrations
proper, and that stiffer boxes can reduce the effect. Increased stiffness and weight per
se doesn't necessarily reduce loudness. Nor does increased stiffness necessarily increase
weight by much.

5. The first air resonance will move in frequency in a less stiff box when the instrument
is played on the knee. This will not only reduce loudness because of the loss of wood/air
back vibration, but will change the tone of the instrument because of the shift in
frequency of part of the sound emanating from the sound holes (i.e., the sound
resulting from the first air resonance).

Top and Back Vibration Modes-May 23, 2010

Lately, I've been looking at the way finished dulcimers vibrate — the vibration modes of
the top and back, to see if there might be any standard patterns, having basically given
up on such testing of the free tops and backs before gluing up. I've only tested dulcimers
of two different shapes (but three different bracing patterns), so there's a lot more to be
done, but it does seem like there might be generally standard modal patterns. Those
who want to see more detailed pictures of the vibration modes below 1000Hz of five
dulcimers can see them in the following illustrations.
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Figure 3.8. Vibratory pattern of plywood back/red cedar top
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Figure 3.9. Vibratory pattern of Western Red Cedar/ Seraya dulcimer
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Figure 3.10. Vibratory pattern of dulcimer # 20 Western Red Cedar/ New Guinea
Rosewood
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Figure 3.11. Vibratory pattern of dulcimer # 17 Western Red Cedar/ New Guinea
Rosewood
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Figure 3.12. Vibratory pattern of Western Red Cedar/ Alpine Ash (Eucalypt) dulcimer
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In the process of measurement, it seemed like some of the nodal lines were just
following the back braces in the instruments. To test this proposition was why | took the
braces out of the plywood test dulcimer. The result is shown in Figure 3.13

......m»-:rfz\w . f-_ —
o= -

E

No Braces 362Hz
Figure 3.13. Effect of braces on position of vibration nodal lines

I've overlaid a picture of the internal back bracing in four dulcimers on top of a vibration
pattern that seemed like it might be following the braces i.e. the brace might be
preventing that part of the back from vibrating. The bottom picture in Figure 3.13 is the
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ply/WRCedar dulcimer without bracing, for the same modal vibration pattern. Whilst
the right hand brace in the four cases is close to a nodal line, it might be coincidental, as
there are clearly other braces which are included in vibrating areas, and the same
general pattern occurs in the dulcimer without braces.

| suspect it is possible that vibration nodes might follow braces if they are too stiff and
heavy, and this is more likely as frequency increases towards 1000Hz and more, but it
seems from these few instruments that reasonable bracing doesn't overly constrain
vibration, although it clearly moves resonances to slightly higher frequencies. | should
say that these patterns are the ones that most seemed to follow the braces— other
patterns were not as questionable.

Octave and Tear Drop Vibration Modes-Feb 13, 2018

This section, regarding mountain dulcimer resonances, was prompted by three octave
dulcimers | had just made. They were of teardrop shape, all with two top braces, one
with no back braces, one with two back braces, and one with three back braces. All
turned out to be little powerhouses of instruments as octaves seem to do.

The standard caveats apply—full length fretboard, bridge saddle on the fretboard, not
on the top plate. Whether the following applies to truncated fretboards and/or bridges
on the top plate, | can’t say. It does apply to hollow and/or arched fretboards.

All had similar mass/stiffness fretboards — medium density overlayed with ebony or a
hard eucalypt, and the same sides of Spotted Gum, a very tough eucalypt. But there
were large differences in the mass and stiffness of the tops and backs, ranging from thin
and hard but flexible (Douglas Fir) to thick and soft but stiff (Kauri Pine). It occurred to
me that | didn’t know anything about the way these little dulcimers vibrated, or
teardrop dulcimers in general for that matter. So | spent some time measuring the
vibratory modal patterns of the three, plus a standard sized hourglass dulcimer and a
standard sized teardrop dulcimer for comparison, as in Fig. 3.14.
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Figure 3.14. Dulcimer comparisons

Only one of the octave dulcimers is shown, the other two are similar.
The general specifications are:

e standard hourglass, VSL = 26.25”, 6-string, total string tension = 48kg,
e octave teardrop VSL= 16.9”, 6-string, total string tension = 51kg., and
e standard teardrop VSL= 26.25”, 4-string, total string tension = 33kg.

| hadn’t given much thought to where the lowest four resonances might fall in a generic
octave dulcimer. The internal air cavity would be about half a normal dulcimer’s, and
because there are two instead of four soundholes, the sound hole area would be about
half. So the 1st Air resonance should be in the same ballpark as a standard hourglass. In
a teardrop shape there should be no 2nd “Helmholz” air resonance as in an hourglass,
and whether there would be a bar resonance in octaves that fell below 1000Hz |
couldn’t guess.

In the end, the dulcimers vibrated as in Figure 3.15. Overall, it shows that Octave
dulcimers, and standard sized teardrop dulcimers seem to vibrate in similar ways to
standard hourglass instruments. The shapes of the vibration patterns (the “modes”) of
the standard hourglass, the standard teardrop, and the three octave dulcimers were
entirely typical of hourglass dulcimers that | have measured previously. The order of the
various patterns can vary from dulcimer to dulcimer, and some modes may be missing in
some instruments (or just missed in the measuring process). The general sequence of
resonances in all three types, and probably in mountain dulcimers in general, is that
there are one or two prominent air resonances near the beginning of the sequence,
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with a single bar resonance also early in the sequence. These are followed by several
wood resonances of the same shape as the first air resonance, some with an air
component, and then increasingly complex wood resonances, up to about 1000Hz —
1500Hz. Here, mode complexity increases to the point where the patterns can’t be
individually separated.

’ »‘;, . X ‘ ‘:: o -‘}.,;- o i —~ g ,‘ -
5 Back braces No Back braces 2 Back braces No Back braces 3 Back braces
Letters indicate similar vibration modes across different dulcimers. The same vibration patterns (modes)
- can occur at different frequencies multiple time in the same instrument
Figure 3.15. Vibratory patterns for the backs of one hourglass, one teardrop, and
three octave dulcimers

This general similarity between the hourglass vibration patterns and those of the
teardrop shape might partially explain why there doesn’t seem to be a characteristic
tonal difference between the two dulcimer types. Differences in tone between any
particular hourglass dulcimer and any particular teardrop dulcimer would then be
attributable to construction factors other than shape.

Regarding the two “Helmholtz” resonances, the 1st and 2nd Air resonances in an
hourglass dulcimer, all the teardrop dulcimers here had only two sound holes each, as
most teardrops seem to also. However, a previous particle board box experiments
showed that even in a plain rectangular box with no waist as in a dulcimer, but with four
sound holes, there were still two distinct “Helmholtz” resonances. So perhaps the two
“Helmholtz” air resonances common in hourglass dulcimers are more a product of two
sets of widely spaced sound holes, rather than any cavity separation caused by the
dulcimer waist. If so, teardrop dulcimers that have four sound holes might also have the
two “Helmholtz” air resonances.
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In the case of octave dulcimers, the fact that the modal vibration patterns cover a
similar frequency range to standard sized dulcimers may actually make them more
efficient at turning string inputs into sound. A standard sized dulcimer has a resonance
sequence starting about 180Hz to 250Hz (the 1st air resonance frequency). This is well
above the lowest note of the dulcimer, D at 147Hz, so the fundamental harmonic of the
low string, and perhaps the middle string also, is not efficiently supported, and the
sound suffers a little because of it. But the lowest note of an octave dulcimer is D 294Hz,
well above the starting frequency of the resonance series (1st air about same as
standard dulcimers). Therefore none of the fundamental harmonics are automatically
reduced in strength.

So, perhaps a little surprisingly, octave dulcimers, and teardrop dulcimers in general,
vibrate in much the same way as standard hourglass dulcimers, and in similar frequency
ranges for the modal patterns,

Dulcimer Resonances-Nov 14, 2009

| thought I’d have a closer look to see if changes in sound quality might be specifically
related to individual resonances of the dulcimer, particularly the first three main
resonances.

Again, keep in mind that this all relates to hourglass dulcimers, with full-length fretboard
and four sound holes. Its relevance to other configurations is not clear.

Main Resonances
The first three resonances, or peaks of energy support, in a mountain dulcimer seem
generally to be the box response to the first (Helmholtz) air resonance; the first bar
resonance of the box; and the second air resonance. The frequency ranges that these
might fall into, based on twenty or so dulcimers | have measured, are:

First air resonance peak, Frequency range 175Hz to 240Hz : Excited by blowing across a
lower bout hole; the smaller the dulcimer, the higher in frequency this will be. As total
sound hole size reduces, the first air resonance also reduces in frequency. For an
average sized dulcimer, with normal sized sound holes, it might be about 220Hz.

First bar resonance peak, Frequency range 250Hz to 330Hz: This is equivalent to the
note you get when you hold a piece of wood about 1/5th the distance from one end,
and tap it in the middle or on either end. You can actually hear a dulcimer ring like this if
you damp the strings with tissues, hold the edge about the level of the first fret and tap
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one end. The dulcimer is ringing like a xylophone bar (but with substantially less sustain).

Second air resonance peak, Frequency range 270Hz to 370Hz: Excited by blowing across
an upper bout hole; | don’t know what determines the frequency of this resonance, but
it isn’t correlated to box capacity or sound hole area in the instruments I've tested.

These are the lowest three resonances of a mountain dulcimer (but there will always be
exceptions). They are probably the only ones that a maker has any chance of
manipulating separately, in terms of frequency, amplitude (strength of effect), or
bandwidth (number of notes on the fretboard it encompasses). | believe that when a
maker says he or she is aiming for a “bright”, “treble” or “mellow” sounding instrument,
or any of the other commonly used sound descriptors, what is being done is, in large
part, the manipulation of one or more of these three lowest resonances. This is
accomplished by the normal methods of experienced lutherie — changes in wood
dimensions and density, changes in box size and shape, changes in placement of bridges
and break angles, etc. Above these three, the higher resonances are essentially a no-
man’s land as far as being able to predict and manipulate them. And it’s not for want of
trying with guitars and violins (although the resonance sequence is different in those
instruments). But fortunately, most of what a dulcimer sounds like seems to be
contained within the range of these lower resonance frequencies.

| wanted to see how important these three resonances are to the sound using my own
dulcimer, by selectively amplifying or reducing frequency ranges of a recorded sound
that matched the frequencies of the first three resonances of the instrument. This could
probably be done with a narrow band equalizer, but | don’t have one, and | wanted to
make accurate sound level measurements of the results, so | again used the PRAAT
signal analysis software.’

Figure 3.16 is a picture of the box tap frequency spectrum of the dulcimer up to about
900Hz, and the sound spectrum of a short tune played on the instrument.

2| use PRAAT, which is free at http://www.praat.org. As I've noted before, it's a voice
oriented research package, and fairly idiosyncratic, but it does a lot of things very nicely
and it's free. It can record it's own sound files, or use .wav files.
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Figure 3.16. Box Resonances and sound spectrum of dulcimer#20

The peaks in the upper part of the figure represent frequencies at which the dulcimer
likes to vibrate, and which will enhance those frequencies if they occur in music played
on the instrument. The peaks in the lower part represent the fundamentals and the first
couple of harmonics of the notes played in the recording. The two parts are to the same
frequency scale, and it is clear that the dulcimer resonances are narrow enough to cover
at most one or two semi-tones. That might imply that if a strong resonance is centred
exactly on a note, then that note might be a potential wolf note. But | haven’t noticed
that to be the case. Not all notes are present in the tune, so the following is not an
exhaustive test, but it is indicative.

Over a range of 50Hz, centered on each of the first three resonances, | reduced or
amplified those frequencies in the sound clip by 10 decibels, the equivalent of halving or
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doubling the perceived loudness at those frequencies. | also did the same for all pairs of
resonances, and for all three resonances simultaneously. Outside those frequency bands
the sound was unchanged, all the way up to about 9kHz where the sound spectrum
energy finally tapered off. The exact ranges were:

e Istair 200 to 250Hz,
e 1st bar 290 to 340Hz, and
e 2nd air 325 to 375Hz.

The total range of frequencies altered covered only 175Hz out of 9000Hz — about 2% of
the total frequency range where sound energy was present. Yet this small range of
frequencies is critical to the quality of the sound.

After filtering the sound, | listened critically to see if | could: one, perceive a change
compared to the original; two, decide the subjective magnitude of any change; and
three, decide whether | thought it was for the better or worse.

Summary of Results
Reducing individual resonances by 10dB: This had almost no perceptual effect.
Reducing the 1st air resonance had a just noticeable effect on the two notes nearest —
marginally less “full” sounding.

Amplifying individual resonances by 10dB: This had more of an effect than with
reduction, but still modest. Increasing the 1st air made the sound verge on boomy.
However, increasing the 1st bar (290-340Hz) made the sound subtly fuller, and
preferred over the original. There was no effect from the 2nd air resonance.

Reducing pairs of resonances: 1% air/1% bar; 1° air/2" air; 1% bar/2™ air.
All sounded slightly thinner compared to original, and none were preferred.

Amplifying pairs of resonances: 1% air/1% bar; 1** air/2" air; 1% bar/2™ air.

All had more “presence”, but the two that included 1st air were a bit boomy, as for the
single resonance. The combination of 1* bar/2™ air produced a nice balance of presence
and fullness, without boominess. It was preferred over the original.

Reducing all three resonances by 10dB: A thinner sound, but not really tinny — maybe a
“traditional” sound.

Amplifying all three resonances by 10dB: Quite a full sound, very slightly boomy—
preferred over original.
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| also reduced/amplified the triple resonances by 20 and 30dB. A 30dB reduction
resulted in a very tinny, unpleasant sound. A 20dB amplification resulted in an
exceedingly boomy and unlistenable sound.

Conclusions

1. Enhancing the 1st air resonance seems to add “presence” or “fullness” to the sound,
but runs the risk of making it “boomy” if it goes too far.

2. Enhancing the amplitude of the 1st bar resonance in this case also added more
“presence” to the sound, without any boominess.

3. Reducing the amplitude of one of the first three resonances hardly makes any
difference, but reducing 2 or 3 starts to produce a thinner tone.

The 1st air resonance is under some control by a maker —it is moderately well
correlated with a combination of box capacity and sound hole size.

The 1st bar resonance might also be controllable, one day — by changes in length and
stiffness of the dulcimer.

| don’t know how the 2nd air resonance might be controlled.

Resonance Effects on Ukuleles-Feb 16, 2012

I've just finished 19 ukuleles of the style shown in Figure 3.17. and something showed
up that is just as relevant to dulcimers (or any stringed instrument probably), and might
be of interest to some.
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Figure 3.17. Ukuleles

After the ukes were completed, and for no particular reason, | recorded the bridge-tap
resonances of the instruments and filed them on the computer. Later | was listening
critically to the sound of each of each uke and was struck that two of them sounded
almost identical. When | looked back at the resonance spectra for these two ukes it was
clear that not only the gross structure of the resonances was the same, but also the fine
detail (Figure 3.18 and 3.19).

Each little bump and wiggle here indicates a frequency that the instrument vibrates at
more easily — either the air in the cavity, or the wood. Both #52 and #59 clearly

like to vibrate at the same set of frequencies.

| went back and picked the two ukes | thought had the most different sounds and then
looked at their spectra (Figure 3.20 and 3.21)
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Figure 3.19. Resonance spectrum for Uke #59
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Figure 3.21. Resonance spectrum for Uke#57

These are different in both the detail and the two large resonances.
When | listened to ukes that had the two strong resonances quite close in frequency,
but with different smaller resonances, the sound was quite similar, but still not

“identical”.

So, this seems to indicate that the general tone of the instrument is decided by a few
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strong resonances, but that the smaller and more numerous minor resonances kind of
“finish off” the sound, and make it unique to that instrument. No real surprises there.

When a mountain dulcimer is constructed, the maker has some control over the
individual strong resonances (up to maybe 500Hz or so). You might not think in those
terms, but that’s what you’re doing when you decide the size of the sound holes and the
dimensions of the box and fretboard, and the density of the wood used. (Other factors,
such as string break angle and where the bridge is placed have more to do with ease of
transferring string energy into the box, which is then filtered by the box resonances.) |
doubt that any of the minor resonances are controllable by the maker; at best there
might be general strategies that often result in a favorable set of them. What these
strategies might be could be why some makers consistently turn out above-average
dulcimers by combining design features that produce these favorable sets of small
resonances. And it probably only took them 20 years to home in on.

| think there might be something in the “it takes 50 instruments before you start to
know what you are really doing” axiom. I've made about 60 of these ukes now and have
just about figured out what it takes to make them sound good. But what it takes to
make them sound “great” is still a mystery, and probably always will be.

Dulcimer Harmonics-Jan 28, 2015

| thought some people might be interested in this — it gives a small hint about the
complexity of the sound we are dealing with out of our instruments, and also why it is
difficult to pin down just what it is that we think makes a dulcimer (guitar, violin, banjo)
sound the way it does.

Here are two spectrograms of the sound of my test dulcimer. They both show six string
strikes from left to right. The time between each strike is about 10 seconds while the
harmonics die away. The vertical axis is frequency from OHz to 2000Hz. Each of the little
"flags" is harmonic of the fundamental note. The blackness represents the relative
loudness of the harmonic and its length indicates its sustain. The harmonic at the
bottom is the fundamental — the note we think we are tuning the string to. The top
"flag" is about the 15th harmonic of the note.

The first spectrogram(Figure 3.22) is of the single third string, tuned to C3 (131Hz). The
other two strings are damped with tissue paper.
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Figure 3.22. Sound spectrogram of six strikes of dulcimer 1st string - note C3

Notice that the fundamental has very little energy - the 3rd, 4th and 5th harmonics are
by far the loudest, and last the longest. We probably imagine the fundamental more
than actually hear it, as we do over the telephone. After the initial string strike, the
harmonics smoothly die away.

The second spectrogram(Figure 3.23) is a series of six strums across all three single
strings (no unison 1st), tuned CGc.

This is a lot more complex than just the one single string. The harmonics of the three
strings are mixed together, and many of them are amplitude modulated. They are also
frequency modulated if you look at the frequency tracks of each harmonic on a program
such as AP Tuner. There's a strong interaction between the 3rd harmonic of the third
string (C), and the 2nd harmonic of the second string (G). These are notionally the same
frequency, but in the real world they differ a little, and hence beat. Whether we can
hear the modulation | don't know, but the sum of all these inter-harmonic modulations
probably contributes to the overall tonal impression.

You might notice that alternate string strikes have slightly different harmonic series. The

reason is that the recordings were made for another experiment and a weight was added to the
end block in each alternate strike.
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Figure 3.23. Spectrogram of six 3-string dulcimer strums - notes CGc

Air Resonance Effects-Jan 08, 2016

Changes we make in dulcimer construction are not linearly additive and we'll probably
never precisely know the effect of multiple combinations of changes.

But the elephant in the room, which has niggled at me since doing the first experiments
in cutting the top off, is this:

With no top, a dulcimer has no internal air resonances, no interaction of those
resonances with the wood, and no Helmholtz sound radiation from the sound holes. But
if you compare the bridge tap spectra of a normal dulcimer (wood vibrations) with the
spectrum of air resonances excited by a small loudspeaker near a sound hole (air
vibrations), nearly every peak in the tap spectrum has a corresponding peak in the air
resonance spectrum. This indicates to me that air resonances play a central role in the
sound of a mountain dulcimer, and there are wood and air cavity interactions over a
wide frequency range. If this is the case, a topless dulcimer must be producing sound
differently than an enclosed instrument. The vibration modes (Chladni patterns) are
certainly different from an almost identical dulcimer made about the same time. And
yet, when | make a recording of the two dulcimers, | can’t tell which is which.
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Helmholtz Resonance- Jan 12, 2016

We shouldn't get too carried away with Helmholtz resonance, but it is a natural part of
any rigid enclosed structure with a hole in it. The Helmholtz resonance is the lowest
resonance of a mountain dulcimer (and a guitar) and interacts with the dulcimer wood
to make it vibrate. It's easy to see its effect by strumming and covering/uncovering one
or more sound holes with some cardboard. There's likely to be a modest tonal change —
maybe for the better, maybe not. It's just one of the 10 to 15 resonances of the
instrument below about 1000Hz, and it does affect the tone. It's not even technically the
Helmholtz resonance because the body of a dulcimer is not perfectly rigid - the
frequency is a bit lower than the true Helmholtz, but that's neither here nor there. I'd
rather call it the 1st Air Resonance.

What is not sensible is the notion of "tuning" the dulcimer to the Helmholtz resonance
and in the process making the sound better overall. I'm not sure where this notion
arose. Positioning one of many resonances at a particular frequency might be beneficial
in some cases, but moving one resonance is not going to "open up" an instrument. It's
more likely the density of resonances, their even spread over the spectrum, and maybe
the frequency ratios of some of them. All this is largely outside the direct control of the
maker.

If I had my way, I'd generally like the 1st air resonance fall at about 170 to 180Hz for a
standard sized dulcimer. That should get it well below the first bar resonance to smooth
the bass (not boomy with superimposed resonances), and closer to the fundamental of
the lowest D note. But because of the size and shape of my dulcimers, it generally falls
at about 220 - 230Hz, so | lose the fundamental harmonic of the bass string, and the
tone is a little less mellow. Thin plates, large box and small sound holes will lower the
Helmholtz resonance, (if that's what you want to do).

The Helmholtz is just one of many resonances — it plays its part but doesn't dominate
all the others.

The Sequence of the First Four Resonances- Feb 09, 2018

There are twenty or so resonances below about 2000Hz in a standard sized mountain
dulcimer. These are a combination of internal air cavity resonances, vibratory
resonances of the wood plates of the instrument, and the interactions between the two.
For example, the variations in internal air pressure caused by an air resonance will cause
the wood itself to vibrate, which in turn will modify the internal air pressure.
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The first few resonances probably influence the general tone and loudness of the
dulcimer more than all the others, and may also be under the control of the maker to
some extent, so their origin may be of interest to some.

Using a combination of sound spectral analysis, loud-speaker driven dulcimer vibration
mode analysis (Chladni patterns) and sound hole size variation, | think | have a handle on
the first four dulcimer resonances.

Tapping the bridge of a dulcimer and obtaining a frequency spectrum of the sound thus
made will indicate what resonances are present in the instrument, and their
frequencies.

Chladni modal analysis shows where the actual vibration is occurring on the instrument,
in patterns of sawdust. It can also reveal whether an internal air resonance is involved —
just holding a finger above the sound holes shows whether air is flowing in and out or
not. Upper and lower sound holes may individually have air flow, or both might. If there
is no observable airflow from the holes, then the resonance probably originates in wood
vibration only.

Blocking off the sound holes, and observing what happens in the tap spectra can reveal
the frequencies of the Helmholz resonance(s) - strictly the first air resonance because of
the box flexibility. It seems that mountain dulcimers, of the traditional full
fretboard/four hole type, might have two Helmholz resonances — the tone obtained
when blowing across the top of a bottle. | don’t have enough acoustics theory to explain
why this might be.

So what are the lower resonances of a mountain dulcimer?

The lowest resonance is the 1st air resonance (“Helmholtz”) and it falls in frequency
between about 150Hz and 250Hz for a standard sized dulcimer — a fairly wide range
dependent on box size and stiffness, and sound hole size. Smaller holes will lower it,
larger holes will raise it. A larger box will lower it, as will a more flexible top, back, and
sides. It is unlikely that it will get low enough in frequency to strongly support the
fundamental of the low string. Blowing across the lower sound holes will produce it (if
they are not of complex shape). If the holes are complex it may not be possible to
produce it by blowing, but it will still be there.

The next resonance is usually the 1st bar resonance which depends on the length cross

section and mass of the dulcimer. The first (and only?) bar resonance might fall in the
range of about 220Hz to 350Hz.. The headstock and the weight of the machine tuners
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can modify this resonance by a couple of semitones. Heavier end weight and a longer
dulcimer will lower the frequency of this resonance.

The third resonance is the 2nd air resonance and is the tone produced by blowing
across the upper sound holes. It seems to act like a Helmholtz resonance in that if the
sound holes are blocked off, both the first and second air resonances are extinguished —
they don’t appear in the tap spectra.

The fourth dulcimer resonance is the 1st wood resonance — the lower bout of both the
top and the back vibrate strongly with a simple circular mode in the region of 400Hz and
are probably in phase with each other because there is no airflow from the sound holes.
The sides may be going up and down out of phase with the top/back.

Here’s a couple of dulcimers to demonstrate what happens when the sound holes ore
systematically blocked (Figure 3.24). This sequence, that has been repeated on seven
dulcimers, seems to show that:

With all holes open, the resonance sequence is 1st air; 1st bar; 2nd air; 1st wood.

With upper holes blocked, the 1st air resonances falls by up to 5 or 6 semitones and the
2nd air by 2 or 3 semitones. The 1st bar and 1st wood don’t change much.

With lower holes blocked the 1st air resonance (“Helmholz”) disappears and the 2nd air
resonance remains basically unchanged. 1st bar and wood remain unchanged.

With all holes blocked the two air resonances disappear leaving the bar and wood
resonances unchanged.

Changing the size of the sound holes has merged the 2nd air resonance with the 1st bar
resonance in the dulcimer shown in Figure 3.24. Sometimes it is difficult to know where
the resonances are if they are stacked one on top of the other as in the dulcimer in
Figure 3.25 —the 1st air, 1st bar and 2nd air all fall in the same frequency region. This is
not generally a desirable situation — it is thought better to have a good spread of
resonances for good tone and to prevent boomy areas of the spectrum.

Not all dulcimers will have this sequence of resonances — some may be missing, or occur

in a different order, but this generally seems to reflect the low frequency resonant
behavior of a standard mountain dulcimer.
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63



Chapter 4
Top Plate Thickness

Top Thickness-Sep 17, 2011

There's something of a conflict between some builders’ experience over a long period,
and my few controlled experiments regarding whether the top wood and thickness
matter much to a mountain dulcimer sound. I've said elsewhere that you can double the
thickness of the top without changing the sound much. Others say their observations,
based on early experiments, indicate that thickness and wood species do alter the
sound.

My experiments were on one dulcimer body that | changed the top on, and also my
impressions of the 50 or so | have made with different top parameters. But the top
change necessarily took a couple of days, plus a bedding in of a day or two, so it wasn't a
side by side comparison.

So, | decided to construct a couple of really identical simple dulcimers, except for the
top wood, and see if | could hear much difference between the two (which is really the
only test). | started to sort through my wood to get the pieces, but something became
obvious right away. A whole day was spent just trying to get wood of the same weight
and stiffness. And | don't mean solid wood. The body of these two will be high quality
Hoop Pine ply (1/8") which | have a small stock of, cut to exactly the same sizes for backs
and sides. Even the closest match | could find ends up with a 3% difference in weight.
The tops will be Western Red Cedar, each a single piece from a book-matched pair that
look very homogeneous. One will be 3.6mm and the other 1.8mm. After thinning, the
weight is exactly half, which is good at least.

| had a great deal of trouble getting two fretboards of the same species that had the
same density and stiffness and grain alignment. Some had the same density, but greatly
different stiffness (more than 20%). The best | could do, for the same physical
dimension, was 4% difference in density, and 2% difference in static stiffness. This will
probably change again when the fretboards are shaped. I've maximized the chance of
the top plate influencing the sound by using quite a light wood for the fretboard, and
making it only 16mm high instead of about 20mm. The mass and stiffness of the top
plate should then increase in importance.

| spent a lot of time closely matching these parts and the best | can do is about 3 - 4%. In
the real world, | suspect we would be lucky to have components of supposedly identical
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dulcimers closer than about 10% in density and stiffness, on average. (This has different
consequences to the dimensional differences where the physical size of the instrument
had changed.)

It may be that a mountain dulcimer sound is fairly tolerant of normal variations in the
body panels, but | suspect it is much more sensitive to fretboard parameters.

| like solid wood better than ply, I'm just using the ply here because it's likely to be less
variable. | want the only real difference between the two to be the tops. Also, | didn't
want to use up good wood panels on experimental instruments.

I'm pretty sure there will be a noticeable sound difference between them, but what I'm
interested in is whether there is a large sound difference. If you doubled the thickness
of a guitar top | think there would be large sound changes — | don't think that occurs to
the same extent in mountain dulcimers because of the fretboard. | think that if each was
played behind a screen, a listener might have trouble telling them apart. In the past |
have made three pairs of notionally "identical" dulcimers; one pair with a fretboard
difference (arched vs hollow), and two pairs with top plate differences (internal top
plate groove vs no groove). Each one sounded different to its twin, but not very
different. But each pair sounded very different from the other pairs; | don't think
listeners would have much trouble distinguishing between the different pairs.

Of course, none of this has anything to do with whether one is "better" than another. |
don't know what that means.

Effect of Top Plate Thickness on Sound - Oct 17, 2011

It’s not entirely clear what effect the thickness of the top plate has on the sound of a
mountain dulcimer. Some makers carefully sand or plane the plate to a thickness that
seems “right” to them, in some sense. Others set the thickness to bias the instrument to
a particular sound. One maker says that a thicker top will give a warmer sound than a
thinner top. Another | met in Australia assures me that a dulcimer top should be no
thicker than 1mm. | tend more towards thicker than thinner tops, for strength reasons
as much as anything. I've generally concluded that top thickness doesn’t matter a lot to
the final sound.

But experience can be deceptive, and none of the experiments I've previously done
have looked specifically at top thickness and controlled for everything else, so a
separate experiment was worthwhile.

As usual with these experiments, we are only talking about a generally traditional

mountain dulcimer layout — principally a full-length fretboard, arched, solid or hollow,
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and with the bridge mounted on the fretboard. In this case, the dulcimers were boat-
shaped for simple construction, rather than hour-glass, but the conclusions should also
be relevant to hour-glass and teardrop shapes. They may not be relevant to dulcimers
with a shorter fretboard and the bridge on the top plate.

The Experiment
Make two dulcimers, of the same design, as identical as possible with the exception that
the top plate of one will be twice as thick as the top of the other. Maximize the
likelihood that there will be a large sound difference between the two by making the
height of the fretboard lower than usual, thereby increasing the relative contribution of
the top plate thickness to the top assembly stiffness. The aim was to see if there was a
clear and substantial difference in the sound with the changes to top thickness.

Method
Two dulcimers were made from high quality hoop pine plywood for back and sides, and
also internal linings and bracing. The fretboards were New Guinea Rosewood, which is a
medium density timber, and the tops were Western Red Cedar. All pieces were matched
for weight, dimensions, and static stiffness as best | could. Even so, the differences were
in the order of 3% - 4% in weight. | suspect that without special selection of parts, the
average “identical” dulcimers might vary by about 10% in the weights of the
components. The two book-matched tops were not wide enough to cover the dulcimer
width, so | had to wing them with density-matched scraps. The finished dulcimers are
shown in Figure. 4.1

Figuré 4.1. Finished dulcimers for tob comparison
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The internal structure of the box is shown in Figure 4.2. The linings and the braces are
made from the same plywood as the back and sides. No side-linings on the bottom. Boat
shape was used for ease of construction, and the sides were not heat-bent, just held to
shape whilst being glued to the end blocks.

The tops (Figure 4.3) are braced similarly for two reasons — one of the tops is too thin
to survive very long if unbraced, and | intend to sell the instrument. And secondly, the
fretboard is arched and | don’t like the idea of a fretboard arch foot that is supported by
the top plate alone. (Due to bad planning, | put the braces on starting from the wrong
end, hence the reason for the non-centered sound holes.)

Figure 4.2. Internal structure
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Figure 4.3. Top bracing

One top was planed/sanded to 3.6mm and the other was 1.8mm as shown in Figure 4.4.

Figure 4.4. Top comparison (side view)
These two thicknesses, 1.8mm and 3.6mm, represent the limits | would actually use for
a top — maybe I'd go to 4mm or so sometimes, but | wouldn’t do thinner than 1.8mm
(using Western Red Cedar). Sides were 50mm high, and the fretboard was 16mm high

and 32.5mm wide.

Test Dulcimer #1 had the thick top and Test Dulcimer #2 had the thin top.
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Results
The weights and sizes of various parts, and some stiffness measures during construction
are shown in Table 4.1. Top #2 was almost exactly half (50%) the weight of Top #1, but
by the time the top was trimmed, braced, and the sound holes cut, the weight
difference was only 42%. When the top assemblies were finished (with fretboard,
headstock and tuners) the weight difference was 12% - the original different weights of
the top plates starting to be swallowed up by the larger weights of other parts. In the
completed dulcimer, the tops contributed between 12% (132gm) and 7% (66gm) to the
total instrument weight. (The top braces weighed 25gm.) Halving the top thickness only
reduced the final dulcimer weight by 6%. This sort of difference is likely to be masked by
the normal weight variations in solid wood instruments.

Table 4.1
Thick and Thin Top Dulcimers - Weight and Stiffness Comparison

Effect of Top Thickness Change on a Mountain Dulcimer

(Sides and Brace Stock also matched for stiffness) Thick Thin
ftem Test Dulc #1| Test Dulc #2 | % Difference

Top Blank (W.Red Cedar): weight (gm) 149 76 ~49%
Back Blank (Hoop Pine Ply): weight (gm) 362 352 -3%
Side Blank (Hoop Pine Ply): weight {gm) a 86 88 2%
Side Blank (Hoop Pine Ply): weight (gm) b 83 84 1%
Brace stock (Hoop Pine Ply): weight (gm) a 15 16 7%
Brace stock (Hoop Pine Ply}: weight (gm) b 15 14 7%
Fretboard Blank (PNG Rosewood): weight (gm) 237 248 5%
Completed F/B wt. - with all hardware {gm) 304 315 4%
Completed Box wt. - back. sides, end-caps {gm) 600 587 -2%
Completed Top Plate wt. - with holes and braces{gm) 157 91 ~42%
Completed Top Plate + F/B wt. - with hardware (gm) 463 409 -12%
Completed dulcimer final weight {gm) 1074 1014 -6%
Fretboard Blank density (kg/m3) 472 493 4%
Fretboard Blank deflection (2.5kg:1/1000") 83 85 2%
Completed F/B with all hardware defl. (2.5kg: 1/1000") 151 146 -3%
Completed Top deflection (2.5kg. 1/000") 36 47 31%
Effective relative stiffness of completed tops (1/deflectiq 1 0.77 =23%
Combined Fretboard + top-plate height {(mm) 19.5 17.6 -10%
F-Bftop-plate relative stiffness based on height’ (Est.) 1 0.74 -26%
Top Plate ("Soundboard") thickness (mm) 36 1.8 -50%
Back/Side thickness (mm 3.2 3.2 0%

Remember, these two are probably near the normal extremes of top thickness, so in
most dulcimers smaller variations in top thickness will have little effect on the overall
weight of the instrument. So, despite what I've speculated earlier in this thread about a
thicker top possibly adding tone-altering weight; if a thickness change to the top causes
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a tonal change in the instrument, it is unlikely to be because of the additional, or
reduced, weight it brings.

During construction, | also recorded the tap resonances of the various parts. For those
parts that did not have the top plates attached, | expected that the natural resonant
frequencies would be very similar, because the shapes, density and sizes were as equal
as | could make them. This proved to be the case, even though this is not necessarily
tied to identical sound in the finished dulcimer. This is because the fact of gluing parts
together changes the resonant behaviors. For those who might be interested I'll show
the tap resonances of the various parts.

Resonances for the fretboard blanks — just rectangular section bars of New Guinea
Rosewood-are shown in Figure 4.5. Not much difference between the two blanks.
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Figure 4.5. Tap resonances of fretboard blanks (The Thick Top/Thin Top labels just
indicate which dulcimer they will end up on.)

The completed fretboard, with headstock attached, tuners and frets installed, strum
hollow and arches resonances are shown in Figure 4.6. The general thinning, plus the
added weight on one end has moved the resonances lower in frequency — increased
end weight and reduced stiffness both head in the direction of lower frequencies. But,
they are still the same as each other.
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Figure 4.6. Tap resonances of completed fretboards

The boat-shaped open plywood box without the top or fretboard tap resonances are
shown in Figure 4.7. These charts are fairly busy because it’s getting to be a complex
shape, but the two are very similar, and they sounded the same when tapped; | couldn’t

tell the difference. So the pairs of box and fretboard assemblies are very much alike, in
isolation, at least.
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Figure 4.7. Tap resonances of box without top and fretboard

The tops themselves might be expected to have quite different resonances because of
their weight and stiffness difference. Figure 4.8 shows the patterns for the shaped tops,
with bracing and holes but no fretboard.

It’s hard to see much common ground here — the two are clearly different in the way
they like to vibrate. Tapping a thin flexible plate that’s going to be glued up in complex
ways might not be very informative regarding the final instrument outcome (unless you
are Dana Bourgeois®), but these two sounded completely different. The thin top is half
the mass of the thick one, but 1/8th the stiffness, so it should sound more bassy than
the thick top, and it did.

When the top was completed by the addition of the fretboard/headstock/tuners, the
tap resonances are shown in Figure 4.9.

3 https://en.wikipedia.org/wiki/Dana Bourgeois
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Figure 4.9 Resonance patterns for completed tops

(Figure 4.9 is not directly comparable to Figures 4.7 and 4.8 because the scale is only to
1300Hz instead of 2100Hz.). Whilst the two are still different, there is clearly a family
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resemblance brought about by the dominating presence of the fretboard. The main
consistent difference, and | checked it many times, is the lower first resonance of the
thinner top (94Hz, F#2 vs 110Hz, A2), and the double second resonance. Otherwise the
spectrum is generally similar in overall outline up to about 4000Hz (not shown), but all
shifted down in frequency for the thin top.

There was a clear and substantial difference in tap tone between the two. But why = I’ll
have to come back to that later.

The final completed dulcimers produced tap spectra as shown in Figure 4.10
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Figure 4.10. Tap spectra of completed dulcimers

These are actually fairly similar to each other, which means that the substantial
differences between the tap spectra and sounds of the blank tops has been basically
removed when the tops have been integrated into the finished instrument. Never-the-
less, to me, the two did sound different from each other, more different than between
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each pair of dulcimers with identical tops reported elsewhere, but less different than
between the pairs themselves. Hidden in the spectra above is enough difference to
produce a perceptual distinction in the sound of the two. So, the difference in top
thickness might have contributed to a noticeable sound differentiation. Maybe, maybe
not.

Maybe the cavity resonances play a part, after all the first two cavity air resonances
interact strongly with the top and back plates, and that interaction changes the
frequency of the air resonance itself, so a thinner plate might produce lower pitched air
resonances. The air resonances of the two dulcimers are shown in Figure 4.11.

it s Do O S b Thick Top
! : ] ;
- i o o | ‘o e %
p IS 00N EAREY RS i 0 B RN S R AR ] B P
::A :} \Hﬁ ---------- o i e
gl if. 0L ’ )} WIL\ ......... Fr"l
SN . N
S W7 LSS N ARG GR35 bt 6T S BRIl [N BEVEA AOUET RS (000 e LNV PR
p B e 7o O K (8% ) 3L KON
o i
Top Thick Test Dules ** ......................... 1\
wiCompleted Duldimer = Frequendy. Si TA i
»-ur €@ ir);|493; 586, 7077 1 a;-ueb:a B e et
pt B o R 1 RS A T ¥ 0o B i
o E - -n 3; L] - - ; - wm Y l‘; AE ] hiIlﬂ 1. o [ oy Ll

Completed Dulcimers - Air Resonances

0 - 2100Hz i
= |0 2 l. 1 5 2 : s Thin Top
EIZ'.II Bl 5 ¢ VU RN RGP 5, QR H RPN 22 1T\ A RORRES IR o s S
-3 i
E_qu;mq #x Tegr Dle |
-t 351 m
';”'f;:l1 }!r:.z;;mm‘

Figure 4.11. Air resonances of completed dulcimers

There are detail differences, but the lowest resonance, the main cavity resonance, is the
same in both, and overall they are very similar. It’s hard to see the body air resonances
being responsible for a difference in the sound between the two, especially at the
mellow end of the spectrum.
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Conclusions
I’m fairly confident that these two dulcimers are as close to identical as is reasonable to
achieve, except for the top thickness.

To my ear, there is a difference in the sound of these two dulcimers. It's not a
fundamental difference, but it is a noticeable one. The two are more different than with
the pairs of dulcimers reported earlier, but less different than between those pairs. The
one with the thinner top is more mellow and has slightly shorter sustain. They are both
basically equal in loudness. Whether one is better than the other is a value judgment.
But: Everything above may have been negated by a small oversight on my part during
the building process.

If you’ll look back at Table 4.1, you’ll notice that the completed top/fretboard
assemblies are different in stiffness by about 25%. That stiffness change is caused solely
by the difference in the height of the fretboard/top combination. A 10% reduction in the
overall height, by reducing the top thickness from 3.2mm to 1.8mm, has resulted in a
25% reduction in stiffness.

This means that any difference in the tone between the two dulcimers might be just as
likely caused by the 25% reduction in stiffness of the top/fretboard assembly, as by the
change in thickness of the top plate itself.

| should have inserted a 1.8mm pad of Western Red Cedar under the parts of the
fretboard that contacted the thin top. The two top heights and stiffnesses would then
have been the same and any tonal differences could be attributed to the top plate itself,
and the way it vibrated differently to the thicker top.

As it stands, | might have to take the fretboard off the thin-topped dulcimer and pad it
out, just to see. I'll probably wreck it, and | can’t redo the tap testing of the top
assembly.

Even so the experiment does point to some conclusions.

1. The effective fretboard height is the actual height plus the thickness of the top plate.
2. Tonal changes to a dulcimer, by changing the thickness of the top plate, might be
actually caused by unintended changes to the effective stiffness of the fretboard.

3. Changes as small as 1/16” in height to the fretboard/top can change the overall top
stiffness by more than 20%.
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Figure 4.12 shows how much the stiffness changes in a fretboard as height varies. This
graph shows the difference in stiffness and mass of a hollow, 1 3/8” wide fretboard of
varying height, compared to that of a 1” high fretboard of the same wood. A %" high
fretboard is only half as stiff as the 1” high version.

Percent Change In Fretboard Height. Mass and Stiffness
relative to a 1" High Hollow Fretboard with 1/4" sides and 1/8" top plate
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Figure 4.12. Dulcimer top/fretboard stiffness vs. combined height

This physical difference in the tops of the two dulcimers is what most makers and
players would consider to be substantial. One is twice as thick as the other. Otherwise
I'm fairly satisfied that the two instruments are almost identical. Some listeners have
not perceived a substantial difference in the sound of the two dulcimers. This must
mean that the top plate of a mountain dulcimer doesn't contribute a lot to the general
tone of the instrument. That has been my contention - the parameters of the top plate
don't matter a great deal in a mountain dulcimer.

Effect of Top Plate Thickness — Part 2 Dec 03, 2011

The earlier experiment with two mountain dulcimers, identical except for top plate
thickness (3.6mm vs 1.8mm), was flawed because the one with the thin top had a
different fretboard/top-plate stiffness than the thick top dulcimer (because the
combined fretboard/top-plate heights were different). This meant that any difference in
the sound between the two might just as well have been caused by that stiffness
difference as by the top-plate thickness difference.
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This uncertainty bothered me, so | took the fretboard off the thin-top instrument and
packed it up to the same height as the thick top. It only took three days, but that’s a
small price to pay for an assured knowledge gain, is it not? | should know better by now.
Before the modification, the fretboard looked as shown in Figure 4.13.

Figure 4.13. Original fretboard on thin-topped dulcimer

Figure 4.14 shows the top after a 1.8mm Western Red Cedar pad was placed between
the fretboard and the top plate.

The combined height of the fretboard and the top plate was then the same as for the
dulcimer with the thick (3.6mm) top.

Although | couldn’t measure it, my assumption is that the stiffness of the two top

assemblies are now the same, whereas before the modification the top assembly of the
thick-top dulcimer was about 30% stiffer than the thin-top dulcimer.
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Result
No discernable difference before and after! | would have bet a small amount of money
that raising the fretboard height of the dulcimer would have modified the sound, but as
far as | could tell, three days apart, the dulcimer sounded the same. The sound
difference that | formerly noticed between the thick-top instrument and the thin-topped
one also remained the same.

I’'m fairly confident that the stiffness of the top of the dulcimer was increased by a
substantial amount after installing the pads. So, it is clear that for this set of shapes and
materials that there is a fair amount of latitude in fretboard/top stiffness before the
sound starts to be affected. | didn’t expect that.

The tap spectrum of the modified dulcimer is also unchanged, and there is not a lot of
difference between it and the thick-top dulcimer — the resonances of the air and wood
remain very similar for the two. And yet, although they are similar, | can hear a
difference between the two. My preference, most of the time, is for the thin-top
dulcimer. It has a warmer, more mellow sound. It doesn’t have the same cutting power
as the thick top instrument or clarity of note, and has a shorter sustain, but it has an
integrated sound that is very pleasing. So, what’s the difference?

79



The resonant amplitudes and frequencies of the two instruments seems quite similar.
The damping in the wood should affect the sound, and shows up to some extent in the
bandwidths of the resonances in the tap spectra, but there is no clear difference
between the two in bandwidths, so | make the assumption that the materials of the two
have similar internal damping.

Maybe the combinations of higher overtones are different between the two. To test this
proposition | did a little experiment by recording the sounds of the two dulcimers and
looking at the sound spectrograms up to about 11kHz.

The two instruments were mounted side by side (on foam pads at each end) and each
open string struck for both dulcimers, then the strings at the 8th fret. Each string strike
was allowed to settle before the next string was plucked —about 7-10 sec for each
strike. The spectrograms are shown in Figure 4.15.

In this Figure, there are six string strikes in pairs of thick-top followed by thin-top — 1st,
2nd and 3rd open strings. The x- axis is time and the y-axis is frequency up to 11kHz.
Each stack of “flags” represents the harmonics of that note. The length of each “flag”
represents the time that that harmonic is sounding and its loudness is represented by
the darkness of the color. The darker the color, the louder the harmonic.
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Figure 4.15. Spectrogram comparison for thick and thin topped dulcimers

There aren’t any huge differences between them. The thick top dulcimer seems to have
slightly longer-duration harmonics on the first string, and more of them on the bass
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string, but that shouldn’t account for a mellow-bright distinction. More “mellow” might
translate to a cluster of strong harmonics at the lower frequencies, and “bright” might
mean stronger harmonics at higher frequencies. There is marginal bias towards the
thick-top dulcimer between about 2 and 5kHz, but there’s not a lot in it What about at
the lower frequencies? The spectrogram up to 2.5kHz is shown in Figure 4.16
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Figure 4.16. Spectrogram below 2.5 kHz.

The first few harmonics of the middle string are a little stronger and longer on the thin-
top dulcimer, but on the other two strings it’s the other way round.

The spectrogram of strings played at the 8th fret is shown in Figure 4.17 and 4.18.

The only consistent difference between the two instruments, on both the open strings
and the 8th fret (and hence probably on all frets) is that the fundamental (the lowest
frequency harmonic) is stronger and longer for the thin-top dulcimer. How important
that is to the overall sound is a matter for the psycho-acousticians, but it may be the
source of the sound difference, and being the lowest harmonic, would be consistent
with the perception of the thin-top dulcimer being mellower.*

In addition, the relative perceptual contributions of the 1st harmonic (fundamental) vs
the higher overtones changes with the loudness of the sound. This test was done with a
fairly robust pluck - I might have to do it again with a softer note.

* This is not a simply decided matter - for those who want a technical look at the
acoustical and descriptive correlates of violin sounds, have a look at:
http://www.oicrm.org/doc/2005/cim05/art ... MO5_01.pdf
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Figure 4.17. Spectrogram of strings at 8th fret.
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Figure 4.18. Spectrogram of strings at 8th fret below 2.5 kHz.

Conclusion
Varying the top thickness of a mountain dulcimer can clearly modify the resulting sound.
In this case, a thinner top produced what | judge to be a more mellow sound than an
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identical dulcimer with a top twice as thick.

The total stiffness of the top-plate/fretboard combination did not seem critical to the
sound in this case, with a 30% variation not affecting the sound noticeably. | can’t
explain this result and would have expected such a reduction in stiffness to be a cause of
the more mellow sound.

But keep in mind, this experiment represents extremes of top thickness. Not many
makers would have tops as thin as 1.8mm or as thick as 3.6mm of a soft wood like
Western Red Cedar.

In addition, the fretboards were chosen to emphasize the effects of top-plate thickness
changes by being lower in height than | would normally use, and of lowish density wood.

So, smaller variations around more normal values will probably modify the sound less
than occurred in this case.”

Effect of Top Plate Thickness — Part 3 - Dec 20, 2011

| wasn’t happy with the results of raising the fretboard of the thin-topped dulcimer
reported in Part 2. If the stiffness of the top had increased by the approximately 30% to
make it the same as the thick topped instrument; | really would have expected some
change in the sound, but there wasn’t really any. That lead me to suspect that | hadn’t
changed the stiffness as much as | thought | had.

A crude test to see if the two dulcimers were at least the same, in terms of static
stiffness, showed that they weren’t. Two tests showed that the thin topped dulcimer
was still more flexible than the thick topped instrument.

First, the dulcimers were sitting on their three small feet, and a 5kg (11lb) weight placed
on the fretboard near the center as shown in Figure 4.19.

This tests both the deflection of the top/fretboard, and the whole body of the dulcimer.
Second, the dulcimers were tested with their back plates resting on a block (Figure
4.20).

> See Chapter 9, effect on tone of severely thinning the edges of a mountain dulcimer top. It
may partially explain the difference in sound noted
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Figure 4.19. Dulcimer suspended on small feet — top/body deflection

The box itself can’t deflect here, only the top/fretboard.

Figure 4.20. Test of top and fretboard deflection.

The results were:

Configuration Thick Top Thin Top
Resting on feet (top+body
deflection) 9/1000" 11/1000"
Resting on block (top only
deflection) 7/1000" 11/1000"
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These are small numbers, but they were consistent over multiple tests. They seem to
suggest that in the thick topped dulcimer most of the deflection is in the top/fretboard,
but there is a small component added by the bending of the whole box. In the thin
topped dulcimer, all the measurable deflection is in the top/fretboard, and it is still
more flexible than the thick top even after being raised to the same height.

This can explain why the thin topped dulcimer sounds a bit more mellow than the thick
topped one, but doesn’t explain why one top is still more flexible than the other, given
the efforts to make them the same. | half think it could be that the section of top under
the arches, which is under tension when the fretboard is weighted, can stretch more in
the thin top than the thick top because only the feet of the fretboard were raised by
pads, not the whole length of the fretboard. This points to a possible difference
between arched and continuous fretboards — arched fretboards might be less sensitive
to changes in height because the section of the top under the arches is under the same
tension for the same down force, largely irrespective of the fretboard height (within
reason). So, a thinner top under an arched fretboard might contribute to a change in
sound because it can stretch more under an arch, rather than because it is more flexible
over its whole area. The experiment would need to be repeated with continuous
fretboards to find out if this is true or not.
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Chapter 5
Top Plate Alterations

Effect of Grooving the Top Plate Periphery- Feb 01, 2011

Most of the lower frequency vibration modes of a mountain dulcimer top, below say,
600Hz, seem to be simple oval shaped (0,0) vibrating areas covering the lower bout. This
is for full-length fretboard dulcimers. (There is an exception in the first bar-mode, in
which the whole dulcimer flexes like a bar and the top vibration is not oval shaped.)

With a view to possibly making these oval vibration modes more efficient, | made a
dulcimer with a groove running around the periphery of the inside top plate.

.....

Figure 5.1. Grooved top plate
This is not my idea, | have seen a picture of a Taylor guitar top with such a groove —
maybe they do it as standard. Carved-top instruments such as violins and mandolins also
usually thin the edges of the tops, so there may be something to the practice in a
general sense. | didn’t groove the back plate because it seems to manage OK, not having
a stiff fretboard to overcome, and | don’t want it vibrating excessively anyway. As a
control, | made an identical dulcimer without the groove, the woods coming from next
to each other in the billets. They are fairly standard in shape and construction, but with

an arched fretboard. One of the pair is shown in Figure 5.2.
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grooved Western Red Cedar top

Backs and sides are Australian Red Cedar (Toona australis); tops are Western Red Cedar
(Thuja plicata); and fretboards are ebony over mahogany.

The result was two very nice instruments, approaching the sound I’'m looking for in a
mountain dulcimer. However, the one with the top groove was the better of the two
with a sound quality that has an indefinable “something” extra; to the extent that I'll
keep the instrument for myself. Its twin is sold.

It is by no means certain that the grooved top was responsible for the better sound —
there were minor differences in weights and stiffness between the two instruments that
could just as well be the cause. But putting in the Imm deep groove in the 3mm top
with a Dremel/burr was ridiculously easy and confers no penalty, so I'll do it on
subsequent dulcimers to see if there is a consistent sound improvement.

Objective Measurements

| also made some standard measurements of the two dulcimers and these are discussed
below for those interested.

Weights and Deflections: The ungrooved instrument was about 5% heavier than the
grooved. This was for the overall dulcimer, and for the completed free top as well.

Completed weight was 1162gm ungrooved; 1103gm grooved.

The tap resonances of the free top assemblies are very similar in both instruments.
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Figure 5.3. Tap resonance diagrams

The top deflection under a standard weight was about 15% higher for the top of the
grooved instrument at all stages - fretboard shaped/unshaped and completed top
assembly. A lot of this seemed to be the differences in the ebony overlay which was
matched for thickness, but not grain or density.

So the grooved instrument was slightly lighter and with a little more flexible top.
Air and Box Resonances The air resonances below 1000Hz were very similar in

frequency, amplitude, and bandwidth; although the amplitudes are not accurately
calibrated, so are just a guide. Results are shown in Figures 5.4 and 5.5
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Figure 5.5. Air resonance for dulcimer #54 (grooved)

The peaks represent the cavity resonances of the air inside the box, largely determined
by the size and shape.

The resonances of the wood, obtained by tapping on the bridge with a plastic hammer
and analyzing the resultant sound are shown in Figures 5.6 and 5.7.
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Figure 5.7. Box resonance for dulcimer # 54 (grooved)

The similarities between instruments in both air and tap resonances would be expected
because the boxes were identical sizes and were very close in mass and stiffnesses. A
number of the box (wood) resonances are a result of interaction with the internal air —
air pressure rises and falls at a cavity resonance, and that causes the box to vibrate in
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and out at that frequency like a balloon — and make sound in the process.

Top and Back Vibration Modes: The actual vibrations the instruments make when
excited by the frequencies by the strings, or in this case, by loudspeakers, are shown in
Figures 5.8 and 5.9.

Again, there is no stand-out difference between the two, the frequencies and patterns
are pretty similar. Above about 600Hz the vibration modes tend to follow the bracing (in
these two instruments).

Top-Back Relative Loudness: The grooved top instrument has a slightly louder top
relative to its back than the ungrooved dulcimer. This might be as expected, but the
difference could be largely experimental error. However, in the grooved instrument the
measurements showed the top gained in loudness over the back on the higher
fretboard compared to the open strings, whilst the ungrooved instrument lost top
loudness relative to the back compared to open strings. This was also the subjective
impression | had — the grooved dulcimer had a very ringing upper fretboard.

Conclusion:The grooved top instrument was clearly better, to my ear, than the
ungrooved top. Other people also agreed. The measurements are not subtle enough to
show the differences, or | may not know what I’'m looking at, so until | make a few more
this way, | won’t know, but it seems a promising thing to do.
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Figure 5.8. Dulcimer #53 ungrooved vibration modes
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Figure 5.9. Dulcimer #54 groovedvibration modes

A Further Note on Grooved Top Plates- Sep 14, 2011

Subsequent to the report on grooved tops earlier in this thread, I've made two dulcimers
with similar grooved tops.
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My conclusion is that grooving the top plates of mountain dulcimers probably does not
confer significant sound advantages.

The two new dulcimers (Figure 5.10) were similar in general design, construction, and
size to the one reported previously (Figure 5.11), which | judge to be a superior
sounding instrument. But there are differences. The two new instruments have different
arching on the fretboards, and different top wood — Kauri Pine instead of Western Red
Cedar.

The backs and sides are the same in all cases — Australian Red Cedar (Toona australis),
and the fretboards are all mahogany with ebony overlay. Superficially the four dulcimers
are very similar (two previous, one grooved, one ungrooved) and these two new ones
(both with grooved tops). The two previous dulcimers sound similar to each other, and
the two new ones do also, but the two pairs sound quite different.
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Figure 5.11. Original grooved dulcimer #54 — 4 arches, Western Red Cedar top.

The new dulcimers sound good to me, but not as good as the original grooved top
instrument — why?

Maybe the internal bracing has something to do with it (Figure 5.12). The original
grooved top has five braces and the new one has three. The backs have five and four
respectively. So the bracing is quite different. However, the two new dulcimers have
bracing that is shaped different to each other (Figure 5.13), yet they sound quite similar.

| did this deliberately to see if there was an obvious effect. Shaping the braces definitely
affects the resonant structure of the tops, but clearly not enough to greatly modify the
overall sound. Figures 5.14 and 5.15 show the comparison.

igure 5.12. Bracing in original and new dulcimer tops
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Figure 5.13. Bracing pattern in two new dulcimers

Figure 5.14. Top/fretboard resonances for unshaped braces
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Maybe the stiffness of the tops was different between the two pairs of dulcimers (Figure
5.16). The static deflection under load of the two sets of tops was fairly similar.
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Figure 5.16. Stiffness comparison of dulcimer tops
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In general, the higher the fretboard plus top height, the stiffer the top assembly (not
surprising). | also seem to prefer the sound of the stiffer tops. The instruments | like the
least have the most flexible tops. In this current case, the original grooved instrument
deflected 72/1000”, while the two new dulcimers deflected 82/1000” and were about
1mm lower in height. Not a big difference in stiffness, so that doesn’t seem to be a main
reason for the sound differences.

However, the wood resonances of the free top assemblies are different between the
two pairs. The original ungrooved top dulcimer and its grooved twin resonances are
shown in Figure 5.17.
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Figure 5.17. Tap resonances of original pair
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Figure 5.18 shows the resonances for the two new, grooved tops.
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Figure 5.18. Tap resonances of new pair — both grooved tops

The two pairs have quite different resonances in the free top assemblies, and the
completed dulcimer pairs sound similar within the pair, but different between the pairs.
Since the bodies of the four instruments are very similar, the sound difference between
the pairs is probably mainly contributed by the top/fretboard assemblies.

What's different about the tops of the two pairs? The wood type of the top plate and
the arching arrangement of the fretboard are the two main differences. My contention
in the past has been that the top plate and its wood type, density and thickness don’t
modify the final sound significantly. Some other makers agree with this, and others
don’t. That’s been my interpretation of the various tests I've done, but it probably needs
to be resolved properly.
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This gets us back yet again to the importance of the fretboard to the final sound of the
instrument. It seems that if you want to modify the sound of a mountain dulcimer, then
look to what you do with the fretboard. (other parameters being equal — size, shape,
materials etc.) Again, this is only relevant to full length fretboards.

This is a lot of talk for a small result, and three test instruments is not a large sample
size, but there may be some relevance to edge thinning of dulcimer tops in general.
Cutting a groove on the inside of a top is equivalent to thinning the top towards the
edges, which is a common practice in guitar making. The idea is to allow the top to hinge
around the edges of the sides more easily. | thought this might allow the lower bout
“trampoline” modes of dulcimer vibration to develop more efficiently (i.e., louder), but
it doesn’t seem to have produced a significant effect. So, thinning the edges of tops to
improve the sound may not do much in mountain dulcimers.

The 1mm referred to earlier (height of new dulcimers vs. old) is the difference in the
height of the fretboard plus the thickness of the top plate, not the height of the sides or
the total height. Differences as small as 1mm in the height (meaning stiffness) of the
fretboard might make audible differences to the sound. In static deflection the stiffness
decreased by about 15% (but not all because of the change in height). Adding 1mm to
the combined height of the fretboard/top plate is different than adding, say, 1mm to
the height of the sides, thereby increasing the air volume in the box. Box capacity is
clearly another determinant of the final sound, but | don't know how sensitive it is to
small changes, such as 1mm, which translates to about a 2% change in volume. It's
something worth looking into.

Effect of Thinning the Top Plate Edge - Aug 22, 2013

In an earlier experiment to determine the effect of different fretboards on the one
dulcimer,® the top plate was thinned at its edges as an unintended consequence of the
machine sanding process.

After the original fretboard was replaced there was a characteristic change in the
general tone of the dulcimer, towards the mellower end of the spectrum for all three
test fretboards, which was quite different from the more nasal tone with the original,
thicker top plate, prior to the test. | put this down to the thinning of the top plate edges,
or perhaps the use of test fretboards that were about 25% lighter than | would normally

®See Chapter 9
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use, or a combination of the two.

Although my contention previously has been that the top plate thickness should not
affect the tone of a mountain dulcimer very much, it definitely has a substantial effect
on tone in guitars and other stringed instruments. Makers spend considerable time
profiling the thickness of the soundboards of guitars, with the edges generally being
thinner than the central regions.

In an earlier experiment | looked at the effect of cutting a groove around the inside of
the top plate on some of my dulcimers, which should have an effect similar to thinning
the edges of the top plate; i.e., a reduction in edge stiffness which might increase top
vibrational mobility, and hence make the instrument louder, and “better”. Those tests
didn’t show any advantage in grooving, but four different dulcimers were used, so other
factors might have masked any effect of the grooves.

So with edge thinning being common practice in guitar making, and the distinct change
in tone during another experiment coinciding with a thinned edge top plate, it seemed
like something worth looking into.

Method

One of my main dulcimers is about ten years old, and is quite a loud instrument. It’s
made of New Guinea Rosewood (a type of Padauk), with a 3mm thick Western Red
Cedar top and a fairly light New Guinea Rosewood fretboard with a dense 2mm eucalypt
overlay. This dulcimer has previously been used for a side port test, sound post tests,
and the installation of a ukulele undersaddle pickup system.

The top edge was thinned by scraping and sanding from a thickness of 3mm to 1.5mm.
Three regions were thinned — the waist area, followed by the upper bout and finally the
lower bout. The plate was thinned so as to fully cover the glued surface of the internal
side linings.

After each region was thinned, the bridge tap spectra were recorded to see if there was
any change in the resonant characteristics of the instrument, and a short tune was
recorded under constant conditions — four frequency spectra and four tunes. And |
played the instrument and listened informally to detect such changes as | could.
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Results

The before, during, and after thinning spectra were the same, within the usual

test/retest variation | always see. An overlay of the before and after spectra is shown in
Figure 5.20.

The top thinning has not caused the resonant peaks to move in frequency. (The peak at
50Hz is the humming of the fan motor in the nearby computer, and not part of the
dulcimer resonances). Inasmuch as the resonant characteristics of the instrument

dictates the sound it makes, there was no real difference, thinned or unthinned.

Informal listening also didn’t show any effect from the top thinning.
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Figure 5.20. Tap resonance spectra

The four sound recordings (no thinning; waist thinning; upper bout thinning; full top
edge thinning) were very similar in tone and within variations that would be expected
for recordings made over a period of three days. In blind listening, | slightly preferred
two recordings over the other two — the one with no thinning, and the one with full
thinning both sounded best!

Conclusion

For this one dulcimer thinning the edge of the top plate to half its central thickness
had no discernable effect on the tone.

| suspect this is a general finding for all full-length fretboard dulcimers — it is consistent
with the grooved top experiment, which looked at the same question in a different way.
The mellowing of the tone in the previous fretboard experiment is then more likely to
be related to the 25% lighter fretboards than to the thinning of the edge of the top
plate. This is consistent with the idea that it is the fretboard rather than the top plate
that sets the general tone of a mountain dulcimer (for a given design), and that the
flexibility of the top/fretboard assembly (which might govern overall top mobility) is
mainly a function of the mass/stiffness along the center rather than along the edges, of
the instrument.

For the earlier test dulcimer with the accidentally thinned edges, a simple thumb
pressure test showed a clear difference compared to my other brighter dulcimers,
including the edge-thinned dulcimer in this test. Placing the dulcimer on a table with the
headstock furthest away and the bridge end pointing towards me; strum the strings
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then hold the back of the dulcimer with the fingers of both hands and push down
strongly in the strum hollow with both thumbs. The fretboard test dulcimer shows a
large reduction in pitch with thumb pressure, indicating a more flexible (mellow) central
top assembly. My other dulcimers exhibit only a very slight pitch change, indicating
stiffer tops. There was no difference in this experiments edge-thinned dulcimer’s central
top stiffness before or after thinning.

Top Accent Line- Jan 11, 2017

Did Uncle Ed Thomas’ know something that we've lost when he put that groove around
the edge of the top plate? I've been told that the groove is so slight that it's just
decorative, and | think that might be correct - a token replacement for the inlay around
the edge of a violin. But the idea that a groove along the edge of the top plate might
increase the flexibility of the top clearly has some believers because Taylor Guitars have
a patent on the idea (US Patent 6,759,581, Figure 5.20). Taylor Guitars have that groove,
so I'm told.

W
oo United States Patent (o Patent No: US 6,759,581 B2
Taylor 144 Date of Patent: Jul & 2004
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Figure 5.20. faylor patent — guitar top groove

" https://libraryguides.berea.edu/dulcimers
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I've also cut a groove on the inside of the top on several of my dulcimers (Figure 5.21).
The first one was such a good instrument, to my ear, that | kept it as my own dulcimer.

Figure 5.21. Edge groove

| also did it on a couple of subsequent dulcimers, and also attempted to achieve the
same result by thinning the edge of a dulcimer from the outside. None of those
subsequent attempts made for superior sounding dulcimers, or a discernable difference
in the sound of the thinned edge dulcimer. As others have pointed out - a guitar top is a
lot wider than a dulcimer top; there might be an effect in mountain dulcimers, but it
might be proportionately smaller than in a guitar, and not really audible. | don't do it
anymore, but it still seems like an OK idea.

The scratch line inscribed along the top edges of many pre-revival dulcimers is not really
a groove - it's just a bit of decoration. To increase the flexibility of the top/side joint to
give it some chance of influencing the sound, | think a groove would need to be at least
about half the thickness of the top plate deep. It shouldn't matter much where the
groove is, on the inside, or the outside, but rather than a groove on the outside it would
be easier just to sand the edges thinner for the same effective result. I've tried both of
these with no real benefit, but that's not to say it might not be worthwhile in some
instances, and it's almost trivially easy to do. It took me about two minutes to put the
internal groove in the top pictured above, using a round burr in a hand-held Dremel.
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Chapter 6
Effect of Top and Back Replacement

Effect on Sound and Vibrational Parameters of Top and
Back Replacement - Jul 09, 2010

| would have thought that something useful might have come out of this series of
experiments which involved replacing both the back and the top of the same instrument
whilst keeping all other aspects unchanged. | shouldn’t have — experiments rarely
result in clear cut conclusions.

Objective
To see if there were any clear improvements in the sound of a dulcimer when the back
and top were replaced and when bracing was present or not.?

Method

A six string, three course, 27.5” scale, hourglass dulcimer with four sound holes and full
length arched fretboard with four arches, first had the top, then the back replaced.
Braces were later added to the backs. The instrument was initially made from good
quality plywood with 3mm back and sides, and 1.5mm top. There were four cross braces
on the top and back plates, made of 6mm x 6mm Western Red Cedar. Subsequently, the
ply top and back were replaced with solid wood plates — Western Red Cedar for the top
and a eucalypt, Yellow Stringybark, for the back. No braces were installed on the new
WRC top. Yellow Stringybark is not known as a tone wood, and | have not used it before
in dulcimers, but it looked nice. It is reasonably dense, but not very stiff along the grain,
and like many eucalypts it seems to move a lot with humidity.

Dulcimer Configurations Tested In all configurations, the same fretboard was used.
1. Plywood Top, Plywood Back — both braced (Figure 6.1)
2. No Top (top plate cut off, fretboard remains) — Plywood back — braced then
unbraced
3. Western Red Cedar top, unbraced - Plywood back, unbraced
4. Western Red Cedar top, unbraced — Plywood back, braced
5. Western Red Cedar top, unbraced — No back
6. Western Red Cedar top, unbraced — Stringybark bBack, unbraced
7. Western Red Cedar top, unbraced — Stringybark back, braced (Figure 6.2)

8 See Chapter 10 on bracing effects
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S
Figure 6.2. Unbraced WRC top; externally braced Stringybark back

Tests undertaken Tests made include the following:
1. informal listening to make general judgements on quality of sound,
2. box resonances excited by tapping the bridge with a plastic hammer,
frequency spectral analysis of the sound made,
3. two main air resonances measured by blowing softly across upper and lower
sound holes,
4. modal vibration patterns determined by speaker-excited sawdust vibrations on
tops and backs — compared with tap spectra,
5. average sound pressure levels of a recorded standard tune, and
6. sustain; peak sound level and rise-time of single treble and bass string notes.

The same string set and tuning was used for all tests over all configurations (.012/.012;
.013/.013;.022/.024) tuned ddAADD.

The same test set-up and recording methods were used throughout. To obtain
consistent “plucks” in the single note tests, the “wire break” method of string excitation
was used. This entailed looping an inner filament of copper wire from a power cord,
0.14mm diameter, around the string at a constant position and slowly pulling vertically
with pliers until it broke. For the standard tune, the 1st four bars of Wildwood Flower
was recorded, the same plectrum and strumming position was used and care
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was taken to keep the playing style constant.

Recording was done using Audacity, real-time spectral analysis with Visual Analyser, and
SPL, sustain and rise time measures using PRAAT.

Results of Tests

Results of the test included sound impressions, sound measurements, and spectral analysis of
bridge tap tones. Air resonances and vibration patterns were also measured.

Sound Impressions: Sound impressions are my own.

e Configuration #1 Plywood top, Plywood back — both braced.
Reasonably pleasant but quiet — nothing outstanding anywhere; a fairly “bland”
sound.

e Configuration #2 No top — Plywood back - braced and unbraced
Much as with the top on, but thinner in the bass. No change in upper treble.

e Configuration #3 Western Red Cedar top, unbraced - Plywood back, unbraced
Overall better than plywood top, but not much. The bass had a much improved
resonant character, but the treble was still weak.

e Configuration #4 Western Red Cedar top, unbraced — Plywood back, braced
Much the same as with no back braces — nice bass but thin treble.

e Configuration #5 Western Red Cedar top, unbraced — No back
The back was removed while the instrument was strung to tension. Unlike top
removal, where there was no appreciable tuning or action change, the removal of
the back resulted in a 3mm up bow in the fretboard from end to end, and a
minus 50 cents tuning change. The width of the major bout across the back
reduced from 182.5mm to 180mm. The waist and minor bout did not measurably
change (from 90mm and 135mm).

This would indicate that the back is normally under tension (no surprise). The fretboard
bow disappeared when the strings were loosened and the sides went back to original
width across the back. There didn’t seem to be much string action change in the lower
fretboard, so most of the top bending might have been in the strum hollow area.

With the back off, some informal listening was done with the dulcimer raised off the
solid wooden bench, and also flush on the bench; i.e., with the bench acting as a very
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rigid, but not perfectly sealed, back.

Raised on blocks from the bench it was still loud, but “thinner”. The bass had lost such
resonant tone as it formerly had and was not “solid”. Flush with the bench, the bass
tone was largely restored. Part of this was because the bench was itself vibrating, but no
more so than when the dulcimer was mounted on blocks away from the bench (by
listening with ear to bench). So the restoration of bass tone must have been principally
to do with restoration of air resonances.

On blocks, the upper treble was still OK. Air resonances could not be excited by blowing
across sound holes (although it was “trying” to); i.e., with an open back, the air
resonances were definitely lost, as well as was their interaction with the wood.

Flush with the bench, the upper treble was actually much quieter than with an open
back. The lowest air resonance could be easily excited by blowing across a sound hole.
The frequency was 260Hz, much higher than the 200Hz of the original instrument;
probably because of leakage around the edges, and the increased stiffness of the bench
surface compared to a back plate, both of which would raise the Helmholtz resonance.
The 2nd air resonance could not be excited by blowing at the upper sound holes.

The middle string and lower treble also seemed better with an open back.

Off the bench, there was a hint of a wolf note on 1st/2nd frets middle string (B,C notes),
but not so prominent when flush with the bench.

Overall, the bass suffered significantly with the loss of the back plate, but the treble
seemed to gain significantly. Possibly, the sides now having a free edge, might have
been contributing more to the treble end of the spectrum.

e Configuration #6 Western Red Cedar top, Unbraced — Stringybark back,
Unbraced
Somewhat “nasal” or “shrill” sound — not very pleasing, and definitely not as
good as the plywood back. Reduced bass quality.

e Configuration #7 Western Red Cedar top, Unbraced — Stringybark back, braced
Still “nasal” sound — not very pleasing. Much the same as unbraced back.

It’s hard to rank my preferences for the sounds of the different configurations because of
the times and conditions between listening and other subjective factors. But if | had to

109



rank them from best to worst it might be:

e WRC top unbraced; Ply back unbraced,

e WRC top unbraced; Ply back braced,

e all ply; top and back braced

e WRC top unbraced; Yellow Stringybark back braced,
e WRC top unbraced; Yellow Stringybark unbraced,

e no top; Ply back braced,

e no top; Ply back unbraced, and

e WRC top unbraced; no back.

Generally, none of the changes turned it into a much better or worse instrument, and
each change seemed to affect different parts of the sound spectrum, making overall
comparisons difficult. The most improvement, if any, came with the WRC top in
conjunction with the plywood back, which made the bass quality definitely better.
Replacement of the plywood back with a solid wood plate was definitely a step
backwards in sound, particularly in the treble. But keep in mind what was done:

e a1.5mm plywood top was replaced with a stiffer 3.3mm WRC plate, and
e a3mm plywood back was replaced with a more flexible 2.5mm solid plate.

So, the mere fact of a solid wood plate vs a plywood plate is not an absolute factor in
sound quality. As well as the material, the stiffness of the plates has an effect, more so
in the back than the top. The change in plate stiffness was greater for the top than the
back, but the replacement of the back had a larger overall effect on the sound than the
replacement of the top.

Unless | am fooling myself (which is quite possible), the fact that | can rank the sounds at
all must mean that there were audible changes in the instrument in the different
configurations. This is at odds with many of the objective measurements where there
were no clear differences between configurations.

Sound Pressure Level and Sustain: For all the dulcimer configurations, and within
experimental error, there were no measured differences in:

e average sound pressure level (SPL) of a sample tune,
e peak SPL of single bass and treble notes,

e sustain time of single bass and treble notes, and

e attack time of single bass and treble notes.
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In addition, the proximity of a box resonance to the actual frequency of each string did
not appear to affect any of the measures, which is counter-intuitive. Some box
resonances fell exactly on a string note, but sustain was actually longer; some string
notes fell between box resonances and sustain was shorter. The received wisdom says
that if a note falls on a strong resonance, it should produce a louder but shorter sound.
Unless the box resonances move around significantly in frequency from day to day (with
humidity, for example), this did not seem to be the case here. However, only the
fundamental of the note would be affected, not all its overtones, which may carry most
of the energy. So, depending on the relative strength of the string fundamental vs all of
the overtones, there could still be a longer measured sustain even though the
fundamental might die off more quickly.

From this data it might be possible to tease out some small, but statistically significant
differences, between the configurations but, that would not be of much use in the
practical sense of a guide to building dulcimers.

In general for this instrument, a stiffer solid wood top produced a better sound than a
plywood top, but a more flexible solid wood back was inferior to a plywood back,
despite the loudness and sustain not being significantly affected.

So, the message from these measurements on this instrument is that types of wood for
tops and backs, and their stiffness and bracing methods, do not seem good predictors
for loudness, sustain, or basic sound quality. These things must reside in other design
factors. In addition, the resonance structure of the box did not strongly affect the overall
basic acoustic parameters of loudness and sustain.

Spectral Analysis of Bridge Tap Tones: For the four main cases of plywood back/Yellow

Stringybark back, with and without braces, the bridge tap frequency spectra are shown
in Figure 6.3 and 6.4.
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Figure 6.3 is for the two no braces case, plywood and Stringybark, 0 to 2100Hz. The first
four peaks (1st air, another resonance, 1st bar and 2nd air) below 300Hz have different
frequencies in the two cases. Between 300Hz and 1000Hz (which is about as far as
comparisons are reasonable) the two spectra are generally similar. So, the change in
back material and plate stiffness has affected mainly the lower end of the spectrum,
which is an important region for the warmth of the sound. In this case, the plywood
back definitely had a better bass tone than the Stringybark back. How that precisely
relates to the resonant frequencies, | don’t know, but resonant frequency changes in
the lower frequency region did occur with changes in bass tone. However, the more
favorable bass tone was also largely present in the case of the braced plywood back and
absent in the braced Stringybark back, so the improvement may be for reasons as well
as the back plate material or stiffness, and their effects on the lower air and wood
resonances.

Figure 6.4 shows the spectra from 0 to 2100Hz for the braced cases. Below 1000Hz
these are almost identical in frequency and relative amplitude of resonances. And yet
there was a clear difference in the quality of the bass — the plywood being better.

So, we have cases of different lower spectra correlating with better and poorer tone,
and also similar lower spectra correlating with largely similar better and poorer tone.
This must mean:
e the lower resonant structure of the dulcimer box and enclosed air don’t have
much effect on warmth of tone (which | don’t believe is so),
e subtle, and non-obvious, differences in resonant structure can have relatively
larger effects on tone (possible, | don’t know), and
e there are other factors, not considered here, that in addition to the resonances
have large effects on tone (I don’t know).

Keep in mind that these tap spectra just show that resonances are occurring at certain
frequencies and strengths, but not which parts of the dulcimer are correspondingly
vibrating at those frequencies. (See Chapter 3). It is conceivable that similar resonances
seen in two tap spectra could correlate with vibration patterns on the instrument that
have different spatial projections, and hence different perceived tone. (Since the
excitation for the tap spectrum is a tap on the bridge by a plastic hammer, then if a
resonance is seen in the spectrum, | take it that the strings can also excite that same
resonance. So it can’t be a case of the bridge not being able to activate some resonances
of the tap spectrum.)

This is unresolved — how apparently similar and also different resonance groups can
result in largely similar sound quality.
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Effect of Flexibility of the Back on the Two Lowest Air Resonances: The flexibility of the
back, determined by the wood type and thickness, and the cross bracing, has a very
large effect on the frequency and amplitude of the two lowest air resonances. In the
tests on this dulcimer, the measured 1st and 2nd air resonances are shown in Table 6.1

Table 6.1
Effect of Back Flexibility on Air Resonances

Configuration 1st Air 2nd Alr
Resonance Resonance
Unbraced Stringybark back 139Hz (C#3) 252Hz (B3)
Unbraced 1/8” ply back 158Hz (Eb3) 280Hz (C#4)
Braced Stringybark back 182Hz (F3) 305Hz (Eb4)
Braced 1/8” ply back 182Hz (F3 322Hz (Eb4)

Ply top and back, both braced 200Hz (G3) 354Hz (F4)

Except for the last entry in Table 6.1, which is for the dulcimer in its original all-plywood
state with top and back braces, the top was WRC without braces.

The frequency of the lowest air resonance is supposedly dependent only on the internal
capacity of the box and the area of the sound holes — the Helmholtz frequency. But as
the box becomes more flexible; e.g., because the back is thinner, or has no bracing, it
vibrates more vigorously in sympathy with the internal vibrating air. This coupling of the
wood with the air has the effect of lowering the frequency of the air resonance to
something less than the Helmholtz frequency.

Although | didn’t measure the relative flexibility of the plywood and solid Stringy Bark,
the Stringy Bark was thinner and felt less stiff than the ply. It also produced the lowest of
the air resonance frequencies, which is consistent with it being more flexible (less stiff).

It’s clear that in this dulcimer the removal of cross bracing from the top and back plates
reduced the first and second air resonance frequencies by 4 to 6 semitones, depending
on the stiffness of the unbraced back.

In addition, even though the back bracing was not particularly heavy or stiff, when
installed it seemed to even out the underlying stiffness or flexibility of the back plate,
resulting in the same 1st air resonance for two different types of back material. The box
tap resonant frequencies for the two braced backs (ply and Stringy Bark) were almost
identical below 1000Hz, whereas below 300Hz, the spectra with unbraced backs were
quite different from each other and from the two braced conditions. In particular, the
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first air resonance, coupled to the wood, was weaker when the backs were braced. This
means that the braced backs were vibrating less strongly at the first air resonance
frequency than the unbraced backs were. But it probably also means that more of the
air resonance energy was coming out of the sound holes in the braced-back condition
because less of it was used up moving the back (which is what nature intended of air
resonances — coming out of the sound holes). This might partially explain why, even
though there was a stronger and lower frequency 1st air resonance in the unbraced
back (e.g., 139Hz vs 182Hz), this dulcimer with an unbraced back, didn’t sound
substantially more mellow than with a braced back, and no louder, even when played on
a stand that didn’t touch the back.

This might imply that:

1. If a back is braced with, say, three or more cross braces, the stiffness of the
back plate itself might not be so critical — thicker or thinner (within reason), the air and
box resonances may remain much the same, as far as the back’s contribution to the
overall sound is concerned.

2. In an unbraced back, variation in flexibility of the plate itself appears to affect
air (and hence wood) vibration more directly, and this might result in a wider variation
of tone with unbraced backs, but see (5) below.

3. Bracing a back will increase its stiffness and therefore bias its vibration
frequencies generally higher, but from these tests this does not necessarily translate to
reduced warmth or loudness which may be compensated by increased output from the
sound holes at the lowest air resonance frequency (this is speculation).

4. Bracing the top adds additional stiffness to the box, which further reduces the
1st air resonance coupling to the wood, and therefore may further add to sound hole
output (more speculation).

5. Given that the first air resonance falls in a frequency region that seems
important to the mellowness, or fullness of the dulcimer sound (150Hz to 400Hz), it
might be expected that the 1st air frequency and amplitude would be strong factors
affecting mellowness. The fact that there can be substantial variation in 1st air (139Hz to
200Hz in this case) without much perceived change in mellowness of sound, means that
a maker might have considerable latitude in side height and sound hole size before
adversely affecting the bass tone of the instrument sound.

Modal Vibration Patterns: The actual vibrations of the tops and backs were visualized
using the loudspeaker excitation method described earlier in Chapter 2.

Some general observations about the modal vibration measurements are:
e The speaker-excited vibrations closely followed the resonances of the bridge tap
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spectra, which is to be expected since they are just two different methods of
looking at the same box resonance behavior.

e Asobserved previously, if there was a top plate vibration at a resonance, there
was almost always a back plate vibration at the same, or a very close frequency.

e Without top or back braces, the backs seem to vibrate more easily and more
vigorously than the tops.

e Top vibration modes don’t seem as clear-cut in their boundaries as back modes.
ie. The transition from a point of vibration to a point of no vibration is fuzzier. As
usual there are exceptions to this.

e Above about 600Hz the vibration modes become more difficult to identify — there
can be general, as well as resonant vibration, and mode patterns seem more
likely to run together.’

e When the first Bar and 2nd Air resonances are close together, the pattern of the
bar resonance (two lines across the dulcimer) might be absorbed and the pattern
of the air resonance predominates.

e Different resonances have different sensitivities (Q) and the demarcation of the
modal pattern is fuzzier for low-Q (less peaky) resonances.

For the four cases of plywood back/Yellow Stringybark back, with and without braces
the first five vibration modes of tops and backs are shown in Figure 6.5 through 6.8.

For both braced backs, the first air resonance caused very strong general vibrations.

|II

° By “general” vibration, | mean that the whole of the surface is vibrating over a range of
frequencies, but with no identifiable nodal lines of low vibration, and no particular
frequency at which vibration is stronger. | don’t know whether this is a good thing or
not. It might be the result of waves that don’t resolve to standing patterns, but
continuously ripple back and forth. By “resonant” vibration | mean that as the speaker
frequency approaches a box resonance, the back, or top, rapidly starts to vibrate
strongly, then stops vibrating as the frequency further increases, and generally settles to
a characteristic pattern of nodal lines at the resonance.
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Figure 6.5. Ply back, no braces; WRC top, no braces.

without displaying any nodal patterns. There were strong correlations in patterns over
all four configurations, but at different frequencies between braced and unbraced, and
generally better defined in the unbraced backs. The patterns were dominated by the
simple in-out “trampoline” mode of vibration at these lower resonances, except in the
region of the 1st bar resonance where it’s interaction with the 2nd air resonance in a
couple of the cases distorted the modal pattern. It’s a trap to take each pattern as an
absolute entity. Merged or missing resonances can upset the orderly scheme of things.
As Benjamin Franklin said: “Don’t believe anything you hear, and only half of what you

”

see.
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The higher frequencies produced more complex patterns, particularly in the backs.

Figure 6.9 shows higher frequency back modes between about 350Hz and 800Hz. It is
possible to match up some of them, but not all.

The pictures marked with the same letters (probably) represent the same vibration
modes in the different configurations. Note that there is no overlap between the
patterns of the braced and unbraced backs at these higher resonances, meaning that
not only do unbraced backs vibrate at different frequencies and amplitudes to braced
backs, but the patterns of vibration are also different. Whether the shapes of the
vibration patterns significantly colour the sound, | don’t know. It may have to do with
the wavelengths of sound at the different frequencies, and hence whether the sound
remains local to the dulcimer or can radiate away to a wider field.
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Figure 6.9. Higher frequency back vibration modes

Somewhere hidden in all this, or in patterns | didn’t record, might be the reason why the
bass tone is different between a Plywood back and a Stringybark back, but if it is, I'm not
sharp enough to spot it.

Conclusions

The end result of changing the top and the back, and putting braces on the back, is that
the dulcimer did not markedly improve, to my ear, under any of the configurations.
None of the acoustic measurements made, or the vibrational analysis, shed much light
on such differences as | could hear. Some standardized modal patterns did emerge, but
these can’t be connected to sound quality at this stage, much less designed into an
instrument. The reasons for any sound differences between configurations is therefore
unresolved. This doesn’t surprise me greatly — | would have been more surprised if some
clear connection between measurement and sound quality had shown up. There never
seem to be single major contributors to sound quality, so questions such as “What’s the
best (wood, string, shape, thickness, length, weight, tap tone, etc.)” can probably never
have definitive answers.
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But that doesn’t stop me, and everyone else, from hoping there might be. So, the next
logical step is to remove the Stringybark back and replace it with a Western Red Cedar
plate, and maybe subsequently with a (stiffly braced) false back. Then start cutting and
drilling pieces from the fretboard and end blocks. Or maybe the sides have more of an
influence than have been assumed; or the presence or absence of side linings.
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Chapter 7
Dulcimer Shape and Stiffness Effects

Effect of Dulcimer Shape on the Lowest Air Resonances-
Dec 09, 2009

| had some spare high density particle board, and made up three dummy dulcimer boxes
of different shapes to get a feel for whether the dulcimer shape, as well as the capacity,
affects the frequency of the lowest air resonances. This is not a rigorous examination of
air resonances, just a quick and basic look at the lowest two air resonances that radiate
sound from the sound holes.

The backs and sides of the boxes are 6mm thick, and the tops are 3mm - all particle
board. All boxes are 750mm long (internal) with 50mm side height.

The three shapes | tested (Figure 7.1) were:
e aplain box - the simplest case,
e astepped-sided box to simulate a smaller bout at one end, but with no
appreciable waisting, and
e anarrow waisted box to simulate an hourglass shape.

The cubic volumes have all been adjusted to 4250cm?, which is typical for a standard
dulcimer(the numbers in the picture are not the final volumes). The sound hole area is
also typical — 25cm?”. Because | was only looking at air resonances, which depend
principally on the properties of the internal air cavity, no fretboards or endblocks were
attached.

In isolation, the strips of particle board were acoustically dead when tapped, but once

enclosed | was surprised at the reasonable tap tones, and the spectral analysis bears this
out — they might actually sound OK as dulcimer boxes!
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Figure 7.1. Three tested shapes

| measured the tap resonances of the boxes before and after cutting the sound holes,
and that was instructive. It confirmed that the 1st and 3rd tap resonances of a mountain
dulcimer box represent the 1st (Helmholtz) and 2nd air resonances that emanate from
the lower and upper bout holes respectively (Note: this applies only to 4-hole
dulcimers). In between these two is usually the first bar vibration of the box. The box

tap spectra, with and without holes, are shown in Figure 7.2.
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Figure 7.2. Tap spectra of three box shapes
The addition of the holes produced the characteristic air/wood vibrations, and show up
as the 1st and 3rd peaks as shown in the figure, which were not present before the
holes were cut. In the case of the waisted box, the 1st air resonance was so close to the
first box (bar) resonance that the two were superimposed. This is a reason why they may
not always show up separately.

So what does it mean?

Well, the 1st and 2nd air resonances from the above tap spectra are shown in Table 7.1
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Table 7.1
First and Second Air Resonances

1st Air 2nd Air
Configuration Resonance Resonance
Plain Box 230Hz 306Hz
Stepped Box 222Hz 319Hz
Waisted Box 227Hz 298Hz
Typical
Dulcimer 225Hz 370Hz

| confirmed these by blowing across the sound holes and measuring the frequencies.

The shape didn’t seem to have a lot of effect on the 1st air resonance, which is good to
see because it confirms that this resonance is basically dependent on the box capacity
and the sound hole area, as expected.

But the 2nd air resonance frequency is more variable in these tests and might be related
to the shape of the instrument in some way, or perhaps the position of the sound holes.
This idea is supported by the fact that of 23 various shaped dulcimers | have measured,
there is about twice the variability in the first air resonance compared to the second, in
terms of musical intervals — in those dulcimers the box capacity has varied more than
the basic shape, mainly due to side height changes, but the same basic hourglass outline
has been used, which may have minimized 2nd air resonance variation.

So, overall, this confirms the proposition that the first three box resonances, which |
consider to be the foundation of what a particular dulcimer sounds like, are the 1st air,
the 1st bar and the 2nd air resonances.

The 1st air resonances don’t seem greatly affected by the shape, but the 2nd air
resonance might be.

The thin waisted box has a lower frequency 1st bar resonance than the other two, and it
makes sense if it is a little less stiff than the two wider boxes. So maybe the shape also
affects that bar resonance.

The idea of the mountain dulcimer as principally a vibrating bar needs revisiting. There is

clear evidence for the 1st bar vibration mode in the 250Hz to 350Hz region, and it being
number two in the box resonance sequence, but | can’t reliably see higher bar vibration
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modes — these would be in the regions of 700Hz to 1000Hz which is less fundamental to
the sound, and not really controllable anyway. So other mechanisms seem to be
producing the vibrations between say 400Hz and 1000Hz.

All parts of a mountain dulcimer vibrate and contribute to the overall sound, and back
and top bracing will modify the sound in some way. But as far as | know, and certainly
from my own experience, the direction and magnitude of that sound modification isn't
reliably known for mountain dulcimers. Therefore what type, position, number and grain
orientation of the braces produces the "best" sound is anybody’s' guess.

| tend to have lots of heavyish bracing, and the result has been that my instruments
seem to be relatively unaffected by knee damping, yet still quite loud. Perhaps that is
another way of saying | have de-emphasized the extent to which the back can vibrate
(by making it stiffer), with some of that unused energy then available to make other
parts vibrate. Or, another way to say it, a heavy, stiff back might be more isolated from
energy transfer within the wood than a light flexible one would be. But in general,
changes in the bracing will affect the frequency bias of the parts braced. So a stiffer back
will emphasize the higher frequencies, which are less likely to be affected by knee
damping than the lower frequencies. But overall, the sound produced by a vibrating
back is directed away from both the player and the listener; i.e. downward, and is
basically wasted (although some of it will also pass through the top in a filtered fashion,
and some of it will interact with other air and wood resonances). So if a braced, heavy
back vibrates less, and a reasonable proportion of the unused energy produces vibration
elsewhere in the instrument (tops, sides, fretboards, ends) it might appear louder to
both the listener and the player simply because more sound is radiated in their
direction. As others have said elsewhere, loudness is not everything — but players still
seem to want more of it.

Speculations on Possible Effects of Dulcimer Waisting-
Jun 12, 2010

From time to time, people say that a narrow waist on a dulcimer favorably contributes
to the tone produced by separating the air masses at each end of the instrument. They
could be right, or they might not. But I’ve noticed a couple of things that might be
related to the question — the effect of waisting on the two main air resonances, and the
possibility of some back vibration modes being inhibited by narrow waists.

Air vibration modes in a dulcimer-like box might be predictable in theory, but in practice

the curving shape and flexible walls make analysis difficult. Air resonance series in a
pseudo violin-shaped box might look like this:
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Tuning Air Resonance
by W.D. Allen

based on & talk given at the Hlinols State Museum Luthiers’ Conference

Figure 7.3. Tuning air resonance

There are standing waves of air pressure from end to end, side to side, and up and
down. A mountain dulcimer will have similar sets of series. These interact with the wood
through its flexibility, and therefore contribute to the sound. Also those resonances that
have a maximum near a sound hole will also radiate sound directly. How much all this
modulates the sound — who knows, but it is part of the total sound.

In a dulcimer, the lowest two air resonances are the ones you hear when blowing across
the sound holes — there’s a different one for lower and upper sound holes (I’'m only
talking about 4-hole dulcimers here). A systematic study by blocking upper, lower, and
then all sound holes on five dulcimers seems to indicate the upper and lower tones are
somewhat interactive; i.e., blocking one pair of holes will make the tone at the other
holes fall in pitch. (This, and the fact that they disappear from the spectrum when their
holes are blocked seems to indicate they are both Helmholtz resonances. | don’t know
how that might arise in a single enclosed chamber.)

| wanted to see if the two lowest resonances were affected by narrow waisting, so |

modified one of the particle board boxes referred to earlier in this section, to have
adjustable baffles | could slide in and out to vary the cross-sectional area at the waist.

127



Figure 7.4. Box set up to measure waist effects

The results of blowing across the upper and lower sound holes and measuring the
frequencies are shown in Figure 7.5. This showed that the upper and lower hole tones
remained unchanged until the opening was less than 10% of full width; i.e., even with a
waist much smaller than the narrowest dulcimer waist I've seen, the two low air
resonances remained at the same frequency. When the slides completely blocked the
two ends, each end reverted to its separate Helmholtz resonance.

The first peak at about 225Hz is the tone at the lower sound holes, and the second peak
at about 300Hz is the tone at the upper sound holes (until the opening falls less than
5%). This result is what would be expected from the violin model in Figure 7.3 — the air

resonances are mainly dependent on the long dimensions rather than restrictions placed
in their path.

So if a narrow dulcimer waist confers some tonal benefit, it might not be related to air

resonances by separating the two ends, because even a very narrow waist doesn’t seem
to affect the low air resonances.
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Figure 7.5. Effect of waist width on air resonances

Another other thing that a narrow waist might affect is the ability of the instrument top
and back to develop some of the vibrational modes I've observed.

Figure 7.6. Vibration pattern for 3.5 inch waist

Vibration modes with a long vibrating area straddling the waist occur on all the
dulcimers I've looked at with a 3%”width waist (Figure 7.6), but not on the one
instrument I've tested with a 3” waist. This is not definitive proof of anything, but there
might be a waist width below which it is difficult for these vibration modes to develop,
and hence add to the sound. If that’s the case, | don’t know whether it’s a good thing or
a bad thing for the sound.

It may be that the best shape to allow all the resonant modes to develop is the Virginia

boat shaped dulcimer. In addition, such a shape would concentrate the larger vibrations
in the center — between the knees, and hence might not suffer so much from knee
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damping (yet many of them have double backs). | haven’t seen such an instrument so
this is just guessing — | have no information on the vibration mode shapes of boat
dulcimers. And it might not be a desirable thing to have all the modes anyway.

Overall, in any claims for the tonal benefits of narrow waisting, I'd lean towards the
wood being the cause of any change, rather than the enclosed air or its separation into
compartments.

Dulcimer Stiffness-Effect of Fretboard- May 15, 2010

| made a test dulcimer out of good quality plywood to do some tests on, which | didn’t
get around to doing. But now | want to use the dulcimer for some other tests that
involve replacing the ply top with solid wood, and removing the top and bottom bracing.

So | took the opportunity to remove the top, leaving the fretboard in place, whilst still
strung to tension, to see if there were any changes in tuning, action, or overall static
stiffness. The fretboard is an arched one, and initially | left in place the parts of the top
that joined the fretboard feet, then later cut them out, then also removed the bottom
braces.

The summary of results follows, and while not particularly illuminating, may give an idea
of the contribution of different parts of a full-length fretboard dulcimer to overall
stiffness.

The dulcimer is of the shape | have been using for the last fifteen or so | have made. It
has a fretboard made of Eucalyptus delegatensis (Alpine Ash), with three arches. Initially
it had four top and back braces, but no side linings.

The stiffness was measured as the deflection of the center of the back of the instrument
under a 7.67kg weight placed on the center of the fretboard between support points
787mm apart at the ends of the instrument. | had also measured the deflections of the
fretboard prior to construction. Back and sides are 3mm ply, and the top was 1.5mm ply;
50mm side height.

| did no sound analysis after the top was removed, but it sounded much the same as
with the top on, but somewhat thinner (as might be expected on losing the air
resonances). | thought it sounded a little thinner again after | removed the bottom
bracing, and it was also then more affected by knee placement. The instrument is shown
in Figure 7.7.
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Figure 7.7. Test dulcimer before and after top removal

Static deflection results are shown in Table 7.2. In retrospect, maybe | should have
measured the deflection of the fretboard under a weight, rather than the back under a
fretboard weight, especially for the case with the top removed, but it’s too late now.
The measurement set-up was essentially as shown in Figure 7.8.
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Table 7.2
Static Deflection

Configuration Deflection
Plain fretboard blank 110/1000”
Shaped fretboard without frets 192/1000”
Shaped fretboard with frets 194/1000”
Dulcimer box only (no fretboard) 19/1000”
Dulcimer box Wlth. shaped and 14/1000”
fretted board resting on top

Completed dulcimer strung to 7/1000”

tension
Dulcimer with top removed , but
arch fillets and back braces in place 5/1000"*

Dulcimer with arch fillets removed 5/1000"
Dulcimer with bottom bracing
removed 5/1000"

! No observable change in string action
>Dulcimer stayed in tune, and action was unchanged
*> No change in tuning or action

WEIGHT

|
A | |

Support ’ Support
Dial Gauge

Figure 7.8. Deflection measurement set-up

This might be OK with a boxed-in top, but with the top gone, the sides can move in and
out, so maybe the movement of the back is not so representative of the deflection of
the fretboard.
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Some things are clear though.

e Ashaped fretboard might be about half as stiff as the plain solid blank.

e Separately, a dulcimer box seems about ten times as stiff as a nearly solid (but
shaped) fretboard. Joined together, they are substantially stiffer again.

e The fretboard/back/sides combination seems to be the major stiffening factor in
a mountain dulcimer, whether the top is there or not, and whether the back is
further stiffened with bracing or not.

e Atypical full length fretboard, glued to the ends of a topless box, is more than
strong enough to withstand the compression of the string tensions without
producing dimensional changes in the overall structure (as indicated by
unchanged tuning or string action). With the top in place it would be even
stronger.

The top plate does not appear necessary for the structural integrity of the mountain
dulcimer, as far as its ability to function as a musical instrument. Long term dimensional
stability might be a problem though.

And whilst this is not to say that different top woods don’t contribute to the color of an
instrument's sound, the fact that the topless sound is not radically different, supports
my contention that the thickness, mass and stiffness of the dulcimer top plate don’t
have much influence on the way the whole structure vibrates, and so frees a maker to
choose top plates on grounds other than their supposed overriding acoustic merits.

Dulcimer Stiffness-Effect of Top-May 18, 2010

| put a new top on the plywood test dulcimer used to test stiffness (Figure 7.9). It was
quite a nice piece of western red cedar, 3.6mm thick, compared to the 1.5mm original
plywood top. | didn't do any rigorous acoustic measurements before and after, but my
subjective impression is that it sounds much the same, maybe a little fuller, maybe a
little louder, but not a lot in it. The only changes were the new top, and removal of
internal bracing. | was a bit disappointed, really, that such a nice top didn't make more
of a difference. But | would have been more disappointed if it had because it would
negate my argument about top not contributing significantly to sound quality.
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Figure 7.9. Test dulcimer with western red cedar top and 2mm high arches

| measured stiffness in the same way and it returned to 7/1000". | also measured the
deflection of the fretboard, as well as the back, and that was 14/1000", so backs and
tops deflect differentially - not surprising.

But something unexpected did arise. The frequency spectrum of the sound made by
tapping on the bridge seems to have been shifted down by about 40Hz. The first air
resonance is now quite low at 158Hz (was 200Hz), and yet the instrument doesn’t sound
much more mellow or bassy. The lowering of the first air and first bar resonances | can
understand because of the increased flexibility caused by brace removal. But | can't
explain why other resonances should fall. The relative spacing between resonances
seems to be largely preserved, and it's this that is usually thought to give the
characteristic sound to an instrument, rather than the absolute frequencies, which
would explain why the dulcimer still sounds basically the same. Another mini-mystery.

Effect of Small Changes on Stiffness- Sun Oct 09, 2011

In the process of making two identical dulcimers, except for tops which were 1.6mm and
3.2mm thick, it became clearer to me how sensitive mountain dulcimer structures are to
very small dimensional changes.

If we accept, as guitar and violin makers do, that stiffness of the wood structures has a
significant impact on the instrument sound, then cavalier attitudes to the odd 1/16" or
1mm here or there might explain some of the variation in sound we get in the finished
dulcimer. Those larger scale makers who are jigged up to produce dimensionally
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identical instruments are spared this type of variability to a large degree.

So let's think about some aspects of mountain dulcimer stiffness, but warning: slight
science content.

For simplicity let's separate a typical mountain dulcimer into three major structures,
from a stiffness point of view:

1. The dulcimer box itself — this would be described by a mechanical engineer as a thin-
walled box-section beam.

2. The fret board, for simplicity a continuous, hollow type — again, a box-section beam.
3. The top plate ("sound board") —a solid, rectangular section beam.

Each of these structures has its own intrinsic stiffness. | don't know how the overall
stiffness might be characterized when all glued up, but it will be at least as great as the
sum of the component structure stiffnesses. Also, it seems clear to me from a bit of
study, and my own experiments, that a mountain dulcimer is not heavily loaded and
that structural deformation by the string tension is small. We are not talking here about
non-linear deformations that buckle the plates of the top and sides.

There are two aspects to the stiffness we might be interested in.

First is the Modulus of Elasticity (MOE, symbol E; “Young’s Modulus”). This is a property
of the material itself, the wood, and in the same way as density and color, does not
change as the material is shaped and stressed (within destructive limits). The formula,
for a piece of the material under tension is:

MOE=(Tension x Length)/(change in length x cross sectional area)=(T*L)/(AL* A)

It is @ measure of the material's intrinsic resistance to deformation.

The other aspect of stiffness is called the Second Moment of Area, or Moment of Inertia
(MOI, symbol I). This is a measure of the stiffness conferred by particular SHAPES. It is
used to predict the resistance to bending or deflection of beams with different cross-
sectional shapes.

For a solid rectangular section beam (eg. solid fretboard or top plate) of width w and

height h, the MOl is:
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MOI (solid) = (width x height”*3)/12 (don't worry about the units)

For a box section (e.g., dulcimer body, hollow fretboard) of outer width W and height H,
and inner width w and height h, the MOl is given by:

MOI (hollow) = (W * HA3 - w*h”3)/12
So: MOE is stiffness of the stuff itself -------------- MOI is stiffness of the shape of the stuff.

A practical measure of the actual stiffness of a beam-like structure is the MOE times the
MOI (MOE*MOI; E*I), but let’s assume the whole dulcimer is made of the same wood,
so the MOE is constant throughout. Then how much might a real mountain dulcimer
change in stiffness as the dimensions change, and what is the relative stiffness of the
box, the hollow fretboard and the top plate? Some quick and crude arithmetic can give
an idea, for a typical dulcimer, with cross sections measured at the waist. Waist width,
say, 4"; plate thickness, say, 1/8"; side height, say, 2". Fretboard 1 1/4" wide and 3/4"
high, with 5/16" walls.

For this dulcimer:
The Box itself will have a MOI of about 500,000 units. If we change the side height by
1/16" (3%), we will change the box stiffness by about 7%. Higher sides means higher box

stiffness.

The Fretboard , on a 1/8" top plate, will have a MOI of about 30,000 units. Reducing the
fretboard height by 0.05" (4%) will reduce the fretboard MOI (stiffness) by about 12%.

The Top Plate will have a MOI of about 200 units. Reducing the thickness by 0.02"(15%),
will reduce the stiffness of the top plate by about 40%.

These substantial stiffness changes are caused solely by a small change in the SHAPE
of the cross-sections of the dulcimer parts, independent of its mass or density.

So:

The Box of a typical Mountain Dulcimer is approximately 15 times stiffer than the
Fretboard and about 2500 times stiffer than the Top Plate.

The fretboard of a Mountain Dulcimer is about 150 times stiffer than the top plate.
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The irregular shape of a dulcimer box, the shape and placement of the strum hollow
etc., will vary all of these, of course, but the general relative stiffness magnitudes will be
similar between the parts of the instrument - the box is a lot stiffer than the fretboard,
and the fretboard is a heck of a lot stiffer than the top plate.

In addition, small changes in the height of those parts will produce relatively large
changes in the stiffness of those parts.

Does any of this matter? It does if you intend to make some predictions about the sound
of a mountain dulcimer before it's finished. This consideration of MOI stiffness is in
addition to the effects of component mass, cavity capacity and sound hole size, all of
which will also modify the sound.

In general terms, the effects on sound are:

More Mass => emphasis on lower frequencies; more mellow
Larger Air Cavity => emphasis on lower frequencies; more mellow
More Stiffness => emphasis on higher frequencies; brighter

But because stiffness is related to the cube of the height of things, it can change much
more quickly than the other two, and while, for example, you might think you are
reducing the mass of a fretboard by lowering its height, you might well be overriding the
tonal effects of mass reduction by reducing the stiffness even more.

These sorts of interactions can explain unexpected sound outcomes — e.g., the expected
increase in mellowness by raising the side height to increase box volume might not
occur because the whole instrument became stiffer with a subsequent bias toward
higher frequencies sufficient to counter the mellowing effect of larger air volume. (Both
will occur, but one might dominate perceptually.)

| doubt that any of these variables in stiffness are linearly related to sound quality — but
they are related. Particularly, I'll be a bit more circumspect before | just slap on that
good looking fretboard overlay of indeterminate thickness. Along with box capacity and
bridge placement, | think that the height of sides and fretboard have a major influence
on the final sound of a mountain dulcimer because of their sensitive effect on stiffness.

Some Observations on Fretboard Stiffness- Mar 16, 2012
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From time to time | see or hear of a dulcimer maker putting carbon fiber bars in the
fretboard of an instrument and | always wonder why they do it. The result is fairly clear
— the carbon fiber rods make the fretboard stiffer, and might even make it a little lighter.
But is that a good thing? Does it improve the sound (whatever that means)?

For fretboards that don’t run the full length of the body it might seem reasonable to
stiffen them with carbon fiber rods, but for full-length fretboards | couldn’t really think
of any advantage. But | bought a couple anyway to try on my long-suffering test
dulcimer, and see the results for myself.

The test dulcimer(Figure 7.10 ) has been reported earlier and has a Western Red Cedar
top, 1/8” ply sides, a Balsa inner back and a 1/8” ply outer back. The fretboard is Yellow
Stringybark, and Australian eucalypt. I've never liked the sound of this dulcimer — there’s
a hollowness about it that | attribute to the fretboard somehow (the top and back have
been replaced more than once).

| measured the deflection of the box, and the top/fretboard before gluing on the carbon
fiber bars.

Figure 7.10. Test dulcimer — high fretboad arches and double back

This is a crude test that gives an idea of the relative stiffness between instruments —
measured resting on their feet to include deflections of both the top and the box as a
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whole, and on a block to measure the top deflection only.

The results for this dulcimer showed that it was already somewhat stiffer than others |
have tested this way.

A carbon fiber bar was then glued to each side of the fretboard as shown in Figure 7.11.

rs

Figure 71. Test dulcimer with carbon fiber ba

Deflection measurements showed that the carbon fiber bars didn’t change the stiffness;
i.e., the fretboard/box combination was already so stiff that additional fretboard
stiffening was not measurable.

The before-carbon-fiber and after-carbon-fiber bridge tap resonances are shown in
Figures 7.12 and 7.13.
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Figure 7.12. Bridge tap resonance without carbon fiber

OO TN

Tj.: Carbon Fibre m—
' Fretboard Stiffening

. Carbon Fibre bar stiffening of fretboard, both sides
© 188; 274; 305; 389; 466; 550; 573; 671; 707; 759; 854; 1074Hz

Figure 7.13. Bridge tap resonance s with carbon fiber stiffening

The only place where there is much difference is around 500Hz where a resonance has
moved up 3 semitones to merge with one already there. The lower air and box-bar
resonances are not changed in frequency, but may have reduced somewhat in strength.

The dulcimer sounded a little “thinner” with the addition of the carbon fibre — it was
definitely not an improvement to my mind.
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Popping the bars off the fretboard returned the instrument to its pre-bar state of sound
and tap resonance.

Overall there seemed no advantage in additionally stiffening an already stiff full-length
fretboard. | don’t know if there might be an advantage in shorter fretboards.

At the risk of subjecting my test dulcimer to one experiment too many, after the carbon
fibre exercise, | sawed the fretboard off to reduce its height above the top-plate by half
(Figure 7.14).

kR e N

Figure 7.14. Fretboard eights

A bit of smoothing and gluing and the fretboard went from 21mm high to 10.6mm high.
The deflection of the top doubled with the lower fretboard (stiffness reduced by about
50%) and the bridge tap resonances changed substantially as shown in Figures 7.15 and

7.16.

There are resonance frequency changes all over the spectrum compared with the
original height fretboard.
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Figure 7.16. Tap resonances for 10.6 mm high fretboard

The sound was also changed considerably, but still not for the better. It was loud and
brash, but still sounded “hollow”, and sustain was greatly reduced above the 3rd fret.

So, the message might be that neither an excessively stiff fretboard, nor a too flexible
one is a desirable goal. But one that is “just right”. The next step will be to replace the

whole fretboard with a new one in a different timber.
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Effect of Frets and Fret Slots on the Basic Stiffness of a
Fretboard- May 08, 2012

I've wondered, from time to time, if cutting fret slots in a fretboard materially changed
the stiffness, and whether the stiffness is restored after installing the frets. | did a simple
experiment to see.

Method

The deflection of a simple dulcimer fretboard-shaped medium density beam was
measured at several deflecting loads; 21 chromatic fret slots were then cut in the beam
on a 25.5” scale and deflection measured again. Frets were installed and deflection re-
measured (Figures 7.17 and 7.18).

The frets were then removed, the beam planed down and a high density, but thin,
overlay glued on and trimmed to same height as plain beam. The deflection of the
overlaid beam was measured, then fret slots cut again, measured, and frets reinstalled,
and measured for deflection.

,,,,,

Figure 7.17. Fretboard deflection measurement with fret cuts
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Figure 7.18. Fretboard with frets added

Results

Fretboard deflection measurements were plotted and are shown in Figure 7.19. the
measurements are shown in Table 7.3

Deflection  Deflection of 650min PNG Rosewood Bar withwithout Fret Slots: and with/without
Overlay.
1/1000" :
55.0
50.0
g
-
45.0 = 3
'z
40.0
35.0 Z
30.0
25.0 P
a9 / —&— Plain bar
15.0 — =— -Plain Slotted
- 2
100 / —s=—Plain Fretted bar
' —=—Plain, Overlayed
5.0 —— Slotted Overlayed
0.0 4 —e— Fretted, Overlayed
0.5 1 1.5 2 25 3 35 4 4.5 5
Deflecting Weight (kg)

Figure 7.19. Fretboard deflection vs. load
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Table 7.3

Fretboard Deflection Measurements
Effect of Fret Slots, Frets, and Fretboard Overlay on Basic Dulcimer Fretboard Stiffness.

Deflection (1/1000")
PNG PNG
Rosewood Bar with | Bar with | Bar with
Deﬂe.cﬁng PNG bar with Rosew?od Forest | Overlay | Overlay
Weight | Rosewood Bar with
fret slots, Redgum | and fret [and frets
(kG) Bar Frets
before fret Overlay slots |installed
- Installed
installation.
0.5 45 5.0 5.1 6.0 52 51
1 9.0 10.0 10.0 11.0 106 10.7
1.5 135 14.7 150 15.8 15.7 15.8
2 17.8 200 19.7 205 209 21.0
2.5 225 248 24.5 254 255 255
3 26.7 304 294 303 307 31.0
35 310 355 340 350 359 358
4 35.0 40.2 383 395 410 410
4.5 391 45.1 430 442 46.0 46.0
5 440 497 478 490 51.0 51.2

Weights applied at centre of 650mm beam; freely supported.
Readings accurate to about +/- 0.5/1000"
Weight-lifting weights used as deflecting loads.

PNG Rosewood Bar
Density - 659kg/m3; L = 650mm; H = 20.5mm ; W = 30mm

Forest Red Gum Overlay
Density - 975kg/m3; Thickness = 2.6mm, but with curly grain; dense but not stiff.

Bar Height with the Red Gum overlay = 20.3mm after planing
i.e. nominal 3% reduction in stiffness relative to plain bar because of 0.2mm reduction in height.

Deflection was the same for both sides for the plain bar.
Fret slots cut with Stewart-MacDonald Table Saw Blade #1557
Frets used were Stew-Mac #0148 medium/medium , 1.6mm tang.

Conclusions
Fretboard stiffness conclusions are as follows:

e if the fret slots are cut into low/medium density wood, it looks like there could

be about 5% - 10% decrease in stiffness over the plain bar,
e installing frets in the medium density wood only restored stiffness marginally, and
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e cutting fret slots in high density wood reduced stiffness by less than 5%, and
installing frets did not change the stiffness.

In a diatonic fretboard the changes in stiffness would probably be even smaller because
the fret slots are farther apart on average.

So, overall, for a typical mountain dulcimer fretboard, cutting fret slots does alter the
stiffness a little, but installing frets does not seem to restore the stiffness. If you are
actually measuring or calculating fretboard stiffness as part of your building process,
then the slotted or fretted unit should be used rather than the plain bar. The shape of
the strum hollow will also affect local stiffness.
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Chapter 8
Fretboard Effects

Fretboard vs Top Stiffness-Apr 07, 2009

It is suggested that the stiffness of the fretboard will always dominate the stiffness of
the top plate to the extent that the top plate parameters of material and thickness are
not very important, and further, that the fretboard stiffness is a significant contributor
to the whole dulcimer behaving as a bar resonator.

However, three recently finished dulcimers have caused me to modify the thinking
about bar vibrations somewhat, but not the basic conclusions. I've made more
measurements on these three instruments than | usually do, and whilst they are not
controlled experiments as such, I've learned a few things.

But firstly, | should say to any beginning makers who might be reading, or experienced
ones for that matter — don’t view this as “The Way Forward” in mountain dulcimer
making. | can’t say yet that it has helped me make better instruments at all — not the
least because we don’t know, and probably can’t agree, what “better” means. And good
players can make silk purses out of sows’ ears.

It’s also important to note that the following material relates to four hole hourglass
dulcimers with a full-length fretboard. It may or may not apply to other configurations.

The Dulcimers — Construction
All three dulcimers share the same outline shape, but one has sides just under 2.5” high
and medium density end blocks and a hollow fretboard; the other two have sides just
under 2” high, with highly arched fretboards and end blocks of quite high density (sinks
in water in one case).

The woods used are different for the three, but the internal bracing pattern is the same
for all as shown in Figure 8.1.
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Figure 8.1. Dulcimer bracing pattern

The top bracing is fairly light and doesn’t reach to the sides. However, in the two
arched-fretboard instruments, the second and fourth top braces are very stiff laminated
spruce and are glued firmly to the side linings. This is to reduce possible twisting
instability in the fretboards because they are so flexible. The back bracing is quite stiff
and made of triple laminated material - offcuts from the back plate.

The placement of the braces is at 0.22L;, 0.35L, and 0.5L from the ends — where L is the
total dulcimer length including the headstock. These are nodal points for the first,
second and third plain bar resonances; the idea being to maximize the cross stiffness of
the back and top whilst minimizing the effects on longitudinal bar vibration.

Two instruments have wooden inserts in the sound holes and this reduces the total
sound hole area to about 50% of the hearts sound holes of 4.5 sq. in. This had the effect
of lowering the first air resonance of the box by about three semitones in those two
instruments.

Due to bad planning, the two arched fretboards had arches higher than | would normally
do. The thickness at the arch centers is only about %”, consequently they were very
flexible in the vertical direction (Figure 8.2). Figure 8.3 shows pictures of the fretboards
of the three:
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Internal box volume was 255 cu.in and 269 cu.in (arched) and 334 cu.in. (hollow
fretboard). Total weights were 3 Ib, 2.7 Ib, and 2.5lb. Of this, the machine tuners
contributed .45 Ib. They all are quite heavy instruments.

Dulcimer Sound

All three instruments were loud, technically more than 1.5 times as loud as the
instrument | play myself, and which people tell me is a loud one.

The two arched fretboard instruments have a particularly woody/bassy sound, and
surprisingly the largest (by about 30%) has the most balanced sound between treble and

bass — so that says something.

The two arched fretboard instruments also had wolf notes — the first within a semitone
of both first and second air resonances, and the second within a semitone of the first
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box resonance. | don’t know for certain the origin of wolf notes in mountain dulcimers,
but an experiment in progressively filling up a dulcimer with marbles, and watching the
first air resonance predictably change but not affect the wolf note, leads me to suspect
that they are not related to air resonances (i.e., box volume and sound hole size). Also, |
have been able to reduce wolf notes by inserting brass slugs at points along the
fretboard. This leads me to think that dulcimer wolf notes are mainly related to the
fretboard and its mass distribution. The wolf notes are definitely frequency related and
not fretboard position related; i.e., if you retune, the wolf note moves to a different
position on the fretboard.

Stiffness of Component Parts and Overall Stiffness

My contention has been that stiffness plays a big part in modulating the sound in
mountain dulcimers. For these three instruments, | measured the stiffness of:

e the unshaped fretboard

e the completed fretboard mounted on the top plate (with braces and sound
holes), and

e the completed instrument.

| didn’t measure the stiffness of the top or back plates or the shaped arched fretboards
because they would have snapped under the 17lb weight over the 31inch distance.

As a practical indicator of actual stiffness, | just measured the deflection under the
weight and length rather than the Modulus of Elasticity (MOE) or MOE/density.
Deflections are shown in Table 8.1.

So even with fretboards arched to the point of being almost floppy, when glued to the
top plate the stiffness is of the same order of magnitude as the unshaped fretboard of
the same dimensions. The top plate dimensions have clearly not increased the overall
stiffness to any obvious degree. Therefore, rather than the stiffness of the shaped
fretboard being the critical parameter, the combined stiffness of the fretboard and top
glued together is probably the more relevant.

The shaped arched fretboards seemed to be about as stiff as the cut out top plates,
maybe a little stiffer, but | didn’t measure them accurately.

The stiffness of the completed boxes is clearly about ten times greater than the

top/fretboard, the hollow fretboard dulcimer, with the tallest sides, being the stiffest
even though the fretboard itself was the least stiff.
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Table 8.1
Fretboard Deflections

Unshaped Completed Completed
Dulcimer Fretboard Top/Fretboard Dulcimer
106/1000"

Dulcimer 43* | 127/1000" | (more stiff) 12/1000"
79/1000" (less

Dulcimer 44** | 65/1000" stiff) 11/1000"
Dulcimer 60/1000"
45X ** 142/1000" | (more stiff) 10/1000"

* See Figure 8.3, middle; Figure 8.2
** Figure 8.3, closest
*** Figure 8.3, farthest

Therefore, it seems that side height not only increases box capacity (cu. in.) tending to
lower frequencies and a warmer sound, but also raises box stiffness, which might favour
the higher frequencies and make for a brighter sound, which seems to have happened
with this instrument, being the brightest of the three.

Box and Air Resonances

Like all resonant systems, musical instruments have frequencies that they like to vibrate
at (the natural resonances), and frequencies they are forced to vibrate at (the notes of
the strings the player plucks). The natural resonances of the instrument selectively
enhance or diminish the notes played, including the overtones, and give the instrument
its character.

For these three dulcimers I've measured the natural resonances of the box, and the air
enclosed, by tapping with a rubber hammer, and sweeping frequencies with a small
loudspeaker and analyzing the sound produced; also, the instruments’ response to
playing a two octave scale (tuned to D147, A220, Bb233) — two occurrences of each
note, about 50 sec recording.

I’'ve noticed some things about measuring wood resonances:

1. They don’t vary in frequency with where you hold the instrument (no surprise), but
the relative amplitudes change.

2. The same resonances are recorded with the microphone at the front, back or side of
the dulcimer — individual resonance amplitudes vary though.

3. There are no differences in frequency or amplitude whether the instrument is strung
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to tension or not.
4. The bandwidths of the resonances are less than a semitone — relevant if attempts
are ever made to tune them to specific frequencies; e.g., to moderate wolf notes.

Figure 8.4 shows the frequency spectra of the three dulcimers (plus one other). These
are the averaged Fourier spectra of the sound made by tapping on the bridge of the
instrument (strings damped), and indicates the natural resonant frequencies at which the
dulcimer box vibrates most efficiently.

Frequency Spectra of Four Mountain Duleimers held at 0.22 of

overall length and tapped on bridge wath rubber hammer. < N Drio #41

The two marks are the first and second air resonance PR S I IR
interactions with the wood. i R PR |
' 4 v 9 x' Y "

The same resonances, inchiding the aivfrood resonances, are ; L N o
recorded from the back, side and front, wath varying 0 ‘l"l L RO
' Dule #43 : > Dulc #44

) Dule 43

Figure 8.4. Bridge tap frequency spectra for four dulcimers - showing the intrinsic resonant
characteristics of the boxes

The first resonant peak is always at the frequency of the lowest air resonance —
somewhere between 180 and 250Hz in my dulcimers. Terry Hennessy’s'® are sometimes
lower. Then there is one, sometimes two, wood resonances, followed by a peak at the
frequency of the second air resonance. After that | haven’t identified the source of
higher resonances. It’s interesting to note that the peaks at the air resonance

frequencies are wood resonances; i.e., the wood is vibrating at that frequency. This

10 http://richardandmimi.com/hennessy.html
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means that the air is set into vibration by string energy, by a mechanism | don’t know,
and the air vibration (in the form of pressure changes inside the box) in turn sets the
wood vibrating at the same frequency. Hence air resonance sound energy comes both
from vibration of the wood, and as energy radiated from the sound holes, analogous to
blowing across the top of a bottle. In other words, the air resonances are “coupled” with
the wood — at least the first two, which | can identify reliably.

In a full-fretboard, four hole, hourglass dulcimer the first air resonance (Helmholtz in a
really stiff instrument) can be found by blowing across the lower bout sound hole with a
drinking straw. For reasons | don’t know, the second air resonance can be found by
blowing across one of the upper bout holes. The frequency of the first air resonance is
dependent upon the box cubic capacity and the size, and to some extent the placement,
of the sound holes. It’s the only parameter that | can accurately predict before a
dulcimer is made. The second air resonance doesn’t seem to be dependent on the size
of the box or sound holes.

The resonance between the first and second air peaks is the first bar resonance of the
instrument as a whole. This is where my proposition of the dulcimer as a vibrating bar
starts to break down —and it’s no surprise that things turn out more complex than we’d
like.

It does appear that the second resonant peak is a bar resonance. But none of the
subsequent peaks occur at frequencies predicted by a standard bar model. This could
mean a couple of things.

1. Mountain dulcimers act as a bar for the first mode of vibration — two bar nodes for
the whole box, and the remaining resonances are local to certain areas of the dulcimer
plates.

2. Dulcimers act as bars in higher vibration modes, but not a standard bar model.

There is also the possibility that bar vibrations in dulcimers occur from side to side as
well as up and down. After some measurement confusion I’ve noticed that this routinely
happens in the fretboard blanks if they are not struck exactly vertically to the face of the
bar. Bar resonances are very predictable in the fretboard blanks, and follow the
standard F1; 2.76 F1; 5.44 F1 sequence of frequencies. Since we don’t require players to
strike the strings exactly vertically, there may be lateral box bar vibrations. | haven’t
confirmed this.

Figure 8.5 shows the smoothed spectra of the sound of the dulcimers playing a two-octave
scale, including all semi-tones. This maximizes the chance of some note or harmonic falling on
all of the natural resonances of the dulcimer box. In this case, the strings are forcing the box to
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vibrate at their frequencies, rather than the frequencies the box "likes" to vibrate at, and in an
ideal world the two-octave scale spectra should look much like the tap spectra shown in Figure
8.4 above. There does seem to be a family resemblance between the two sets of spectra, but
detailed conclusion should not be drawn."
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Figure 8.5. Smoothed frequency spectra of two octave scales played on four dulcimers (one
dulcimer shows two trials)

Contribution of Machine Tuner Weight
| was interested to see if the weight of the machine tuners made a difference to
anything. The short answer is that they do. The effect is on the first wood resonance,
the second peak in the tap spectra above.

The tuners used were Gotoh Mini sealed units. Six of them weigh 200gms, which
represented about 15% of the total instrument weight. Adding them one at a time and
measuring the tap resonances showed that the first wood resonance was lowered by
about 1 % semitones from no tuners to six tuners. This makes sense in terms of the
whole instrument vibrating as a bar.
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The differences were:
e 3 tuners-0.95 semitones lower than no tuners, for 1st wood resonance’
e A4tuners- 1.1 semitones lower,
e 5tuners- 1.2 semitones lowe, and
e 6 tuners - 1.25 semitones lower.

No other resonances, wood or air, were affected by the weight of the machine tuners.

Effect on Sound by Various Parts of the Frequency Spectrum

The first two air resonances, and the first box bar resonance fall below about 400Hz. |
was interested to see if they affected the sound very much, and it may be that they do.

The effect on the sound of specific parts of the frequency spectrum can be assessed by
making a recording of the instrument and filtering out, or amplifying selected frequency
ranges of the total spectrum. The tune is then reconstructed from the modified
spectrum and listening assessments made. | have used the PRAAT software package to
do this.

It seems that whilst the tune can’t be clearly recognized by the 0 to 400Hz section of the
spectrum, that part contributes greatly to the warmth and presence of the sound.
Between 400 and 2000Hz, most of the melody and power is occurring, and above 2000
Hz there is a thin tinkling, which we could probably do without if we really had to.

Summary

The first two air resonances and the first bar resonance fall in a frequency region that is
important to the quality of the sound. So, can we:

1. Control them so that we know where they will fall prior to construction? In the
case of the first air resonance, yes. Second air resonance and first bar resonance?
| don’t know.

2. Can we alter their frequencies after construction? First air — yes, by enlarging
or reducing sound holes. Second air and first bar? | don’t know.

3. Can we tune them to be between notes to moderate non-fretboard wolf notes
— maybe one day (but then you would have to stay in tune of course).

4. Do we know what it “should” sound like — No.

One thing is clear to me. None of the resonances of individual components of the
instruments (fretboards, tops, back and sides, all of which | measured separately) were
carried over into the completed instrument. Therefore, trying to tune individual parts
prior to assembly may be of little value in a mountain dulcimer.
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Effect of Re-shaping the Fretboard of an Existing
Dulcimer- Aug 27, 2010

It’s not often that I've made a change in an instrument that clearly resulted in a
dramatic change in the sound. Often it is even difficult to tell whether there has been a
sound change at all. But here is a case where there was certainly a very significant
change.

The test dulcimer I've been experimenting with has had its top and back changed,
bracing removed and added. Replacing the ply back and top with solid wood improved
things a little, but nothing dramatic. The only things unchanged in the instrument are
the sides, the end blocks, and the fretboard.

In this experiment, | cut back the fret board from what is shown in Figure 8.6 to that in
Figure 8.7, whilst the strings were still strung to tension.

The original fretboard had three arches, but the clearance from the top plate was only
about 1Imm. This modification raised the bottom of each arch to about 12mm above the
top plate (the height of the fretboard remained unchanged). The result was a reduction
in mass, compared to the original shape, of 35% (and with no change in action or
tuning).

Figure 8.6. Test dulcimer with original fretboard with low arches
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Figure 8.7. Test dulcimer with fretboard modified to make arches higher.

Since | couldn’t directly measure the change in stiffness of the new fretboard shape on
the dulcimer, | did some tests on the bar in the picture above. This was a twin of the
fretboard used on the dulcimer. The result of that testing indicated that whilst mass was
reduced, stiffness, as measured by deflection, reduced even more (even though the
slots were boxed in). Reduction in mass would tend to emphasize higher frequencies,
whilst reduction in stiffness tends to emphasize lower frequencies. Stiffness wins out in
this case and the result of cutting back the fretboard might indicate a tonal shift towards
the lower frequencies — a general response increase below, say, 400Hz, for the dulcimer.
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What actually happened is shown in Figures 8.8 and 8.9.
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Figure 8.9. Bridge tap resonances for modified fretboard with high arches

The scale on the x-axis is 0 to 2100Hz; the y-axis is deciBels. The lowest resonance (1st
Air, 179Hz) and another two at about 250Hz and 650Hz have increased substantially in
amplitude. But in addition, there was a large increase between 1200Hz and 1400Hz. This
region wasn’t so prominent in any of the other configurations of this dulcimer and must

be a result of thinning the fretboard, as is the increased amplitude of several lower
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resonances. So both lower and higher frequencies were enhanced.

The change in sound was dramatic. It went from a softish thin sound, but with a
pleasant resonant bass, to a very loud sound with ringing trebles, that | like, and a
strong middle string. But, of course, there’s no free lunch — the bass lost a bit of
resonance (but was still solid), and overall sustain was marginally reduced, but not
unacceptably. Another consequence was the introduction of a mild wolf note. However
the new sound, with the thinner, higher, less massive and less stiff arches, is a huge
improvement over the original.

It is important to note that the change in sound can’t be related to increased area of top
plate vibration, because the original fretboard had 1mm high arches in the same places
as the new higher ones.

So, major changes to the top (new top plate, different wood, different bracing) only
resulted in minor changes to the sound.

Major changes to the back (new wood, different bracing) only resulted in minor
changes to the sound.

Major changes to the fretboard resulted in dramatic change to the sound.

It’s clear that fretboards are worthy of examination when talking about what makes a
mountain dulcimer sound the way it does. | have the feeling that making a fretboard too
light and flexible heads in the direction of very loud, but brash; too heavy and stiff
towards soft and thin. The right balance between weight and stiffness, for a desired
sound, is probably what comes with dulcimers-under-the-belt experience.

Some people might say that these conclusions about fretboards are self evident — but
they aren’t to me. Even a heavy fretboard coupled to a light box only makes up about
30% of the total weight. And the box itself is an order of magnitude stiffer than the
fretboard. So on the face of it, changes to box mass and stiffness might seem more likely
candidates to greatly modify the sound — but they don’t.

A quick addition to the previous posting regards changes in fretboard mass and stiffness
with shaping. | hadn't actually previously measured these changes in a channeled
(hollow) fretboard and so | did it on two bars of the same species and billet — as identical
as they can be. One is channeled as shown in Figure 8.10 and the other is solid.
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Figure 8.10. Channel dimensions

The change in weight and stiffness of the channeled bar relative to the solid bar is
shown in Table 8.2.

Table 8.2
Effect of Fretboard Channel
Measure Solid Channeled % Change
Deflection (stiffness) 26/1000" 36/1000" -38%
(under a standard weight)
Relative weight 1 0.65 -35%

It seems that in a practical sense, channeling reduces stiffness at least as much as it
reduces weight, and maybe a little more. The changes in these two parameters have
opposing effects on frequency emphasis — reduction in mass would tend to emphasise
the higher frequencies; reduction in stiffness (increase in flexibility) would tend to
emphasise the lower frequencies.
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Fretboard Thoughts-August 29" 2010

When | started up making dulcimers, | tracked down and corresponded with Al Carruth®
and Jerry Rockwell'2. Knowing nothing, | asked about many things, including fretboard
design - woods, arches, hollowed, etc. The "what's best" question. They both said
something about fretboards which | didn't assimilate at the time, but has now come full
circle, at least in my mind. Al Carruth said that he would have moveable blocks as the
feet for an arched fretboard, and move them up and down until he found the spots he
liked the best, then glue them in place. | didn't pursue that idea because | didn't like the
possibility of a fretboard foot not having a supporting brace beneath it - the reason for
that reservation being Jerry Rockwell's opposition to arched fretboards on long-term
stability grounds. But Jerry also said that whilst he hollowed his fretboards, he didn't
make them "way hollow", only sufficiently hollowed. Although not couched in terms of
mass and stiffness, both of these comments are consistent with the idea that a correct
balance between mass and stiffness of the top/fretboard assembly is a principal shaper
of the overall sound of a mountain dulcimer. It has only taken me ten years to believe it.

Regarding the idea that the feet of an arched fretboard constrains the top to vibrate in
the same way as the fretboard at those contact points, but not necessarily elsewhere - |
think the jury is still out. On the one hand, in my own vibrational studies, | have seen
independent vibration of the top plate below fretboard arches, indicating that the
fretboard feet are affecting the top vibration locally. But on the other hand, the vast
majority of the identifiable vibration modes seem to act as if the feet weren't there at
all; i.e., there are the same general modal shapes as a continuous fretboard. Like nearly
everything, it is not a matter of either/or — sometimes, and at some frequencies, the
feet have a local effect, and at other frequencies they seem transparent. But mostly they
seem transparent. This is not to say the feet don't have an effect on tone, but if they do,
it's more likely to be subtle than dramatic.

In fact, all of my discussions can only focus on the gross effects on tone. Measurement is

not refined enough to tease out subtle tonal content, and we, as listeners, have just as
hard a time defining it.

Fretboard Design -Aug 29, 2010

The fretboard in the low/high arched experiment reported earlier in this chapter (Effect
of Re-shaping the Fretboard of an Existing Dulcimer) was of Yellow Stringybark —a

" alcarruthluthier.com
12jcrmusic.com
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moderately dense eucalypt. But in the light of this fretboard experiment, and looking
back at dulcimers I've made with high and low arches, and reading the notes I've made
about their sound, | will be less inclined to make very high or very low arches in the
future, for average density woods —half height will be a good compromise. | don't base
this on any particular results. Another approach might be — you want loud and brash?
Make high arches (and suffer the possible longer term stability problems); silvery and
plaintive, make lower arches.

As for feet placement — | don't have any firm idea. | have been placing them at the
notional bar mode nodal points, 0.22L, 0.35L; 0.5L, etc. where L is the total length of the
dulcimer including the headstock. But, only the 0.22L position has any real validity that |
have found. That point is the first bar node of the dulcimer, which clearly occurs in real
instruments. Placing a foot and brace there should allow that bar mode to vibrate
basically unimpeded by extra mass. Whether that vibration mode contributes to a great
sound —only the listener can tell. | like to put a cross brace under each foot for strength,
and have three or four arches. | don't know what the acoustic or structural
consequences of a multi-foot design might be.

Top vs Fretboard Effect-Nov 01, 2011

| tend to believe that the back and sides do color the dulcimer sound, but | feel (without
a lot of proof) that it's mainly the subtleties of tone that are affected, as conferred by
different wood species and thickness/mass/stiffness parameters, etc. In my test
dulcimer | have changed the back from 1/8" ply to a 3/32" dense eucalypt to 4mm balsa
wood to a double balsa/eucalypt back, to a double ply/balsa back, with and without
bracing. There were tonal changes, but not substantial. It was only when | greatly
modified the fretboard (in situ) that there was a clear and substantial difference in the
overall sound. My money is on the fretboard as the part of a (standard) mountain
dulcimer that most affects the final sound. But it would be interesting to see the effect
of backs of the same species with different thicknesses in two identical dulcimers.

| should also reiterate. When | say that the top plate doesn't contribute a lot to the
general tone, | don't mean that it doesn't vibrate vigorously; it does. | mean that the top
plate vibrations are governed mainly by the attached fretboard, and it's the combined
effect of the two that determines the part of the total sound coming from the top
assembly. And the fretboard parameters, (mass, stiffness) not the top plate parameters,
that dominate that assembly. Generally, more sound does come from a mountain
dulcimer top than from the back, but it’s mostly the fretboard calling the shots, not the
top plate itself.
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Fretboard Effect on Sound in a Topless Dulcimer-Jan 17,
2016

Technically, a dulcimer with no top does have a top - the fretboard. But in a practical
sense, | wonder how much air the fretboard on its own can push around. A guitar neck is
also flailng around in a bending motion, but | can't recall hearing that it contributes
much to the total sound. The physical size of the neck compared to the soundboard is small.
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Figure 8.11. Guitar vibration pattern
(Ref. http://paws.kettering.edu/~drussell/guitars/hummingbird_modes.html )

The topless dulcimer in my experiment is just as loud as when it had a top, in terms of
sound pressure level. | had assumed this was because the back was then the new top —
it does vibrate strongly. | had also assumed that all the air resonances were lost,
because there was no enclosed cavity remaining, but maybe the air resonances have
just moved up the spectrum.

| did some quick tests with a small loudspeaker inside the dulcimer body near the nut,
and recorded the microphone response inside the body along the length of the
instrument. It's not a full mapping of any standing waves, but the frequency spectra give
an idea if there's any resonant air activity still going on. The speaker swept in frequency
from 100Hz to 2000Hz. Figure 8.12 shows the results.

163


http://paws.kettering.edu/~drussell/guitars/hummingbird_modes.html

va‘ ss Dulcimer - A'rr‘e&n_'ge'ln'sid-e box
to Joudspeaker swept frequency - 10QHz to

3
L I

"
_ s 3o w s NEO RS LS

¥ " e

3 &

Speaker to mic S57cm

Mic Calibration - 10cm from
soeaker in free air

;

R I L TR T

5
-
-l
- |

* B R O % 8 5 D S B W R sE e Ew I M EEEEEEE R EEEYE
- -

Figure 8.12. Frequency spectra inside dulcimer

The bottom left is the response outside the dulcimer - it's surprisingly flat given the
cheap mic and the 1" speaker. The bottom right is another dulcimer of the same
pattern, with top intact - speaker at the upper sound hole, mic at a lower sound hole.
It's typical of the air responses | normally see. The two main peaks are the first and
second air resonances - about 230Hz and 360Hz.

The other panels represent what's going on in the body of the dulcimer with no top, at
different distances from the nut. And there's something going on — the spectra were
quite repeatable. Between 1000 and 2000Hz there's clearly some variation in SPL at
different frequencies. How much of that gets radiated out, | can't say, but it indicates
that all air resonance activity is not lost and may contribute to the sound in a topless
dulcimer after all.
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Effect of Opening a Hollow Fretboard Channel by
Removing the Top Plate Wood Beneath the Channel.- Aug
17, 2016

Two baritone dulcimers were constructed, tuned AEA. A problem arises in that the low
A-note is 110Hz, the middle E-note is 164Hz, and the high A-note is 220Hz.

A typically normal sized dulcimer can’t produce sound much below 200Hz, or at least it
does so very poorly. This means that the fundamental harmonic of the low and middle
strings won’t contribute to the sound, and the fundamental of the melody string (A220)
will only just start to contribute. We then rely on the higher harmonic series to carry all
the tonal information, without the fundamentals, which might well be perfectly OK and
sound good, but we’ve lost part of the sound.

It would be good to include the contribution of the string fundamentals to the sound if
we can, so how might we do it? The problem is to get the dulcimer box to vibrate at a
frequency down to 110Hz, or near it. Keeping in mind that the Helmholtz resonance, the
lowest air resonance of the box, the “rum jug” tone, is also the lowest resonance of the
whole instrument, then three ways to do it spring to mind.

1. Make the dulcimer box very large - as the box size increases, the Helmholtz frequency
decreases. I’'m not sure how large a box would be necessary, but | can’t do it anyway
because the wood | am using is already cut to standard dulcimer size.

2. Reduce the size of the sound holes — the smaller the sound holes, the lower the
Helmholtz frequency. But even if the holes were really small, | know from experience
that it would not get the Helmholtz frequency anywhere near 100Hz. In any case, I'm
using wooden rosettes, so the sound hole size is fixed.

3. Make the dulcimer box, and specifically the top plate/fretboard assembly very
flexible. The Helmholtz frequency in wooden musical instruments is not strictly the
correct term to use because it refers to a totally rigid body. As the box gets more
flexible, the “Helmholtz” frequency falls, and is better called the first air resonance. But,
a flexible enough dulcimer box to reduce the first air resonance to 110Hz would
probably need very thin plates and no internal bracing — easily damaged.

So basically we are frustrated — a standard sized dulcimer, with normal sized sound

holes, and normally robust construction won’t reproduce the fundamentals of the
strings if baritone-tuned.
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However, | was interested to see what a token gesture in the flexibility direction might
achieve — specifically whether opening the hollow channel of the fretboard to the
inside of the dulcimer would have any effect on the flexibility and vibrational behavior
of the top/fretboard assembly — before it is mounted on the sides. It isn’t known for
mountain dulcimers how the resonances of the free top/fretboard might map onto the
assembled instrument, but | suppose it’s reasonable to expect that generally lower
resonances in the free top will translate to lower resonances in the assembled
instrument.

Tests
For the two dulcimer top/fretboards in question | measured :
e static deflection under 7.6kg weight —a measure of flexibility
e spectral analysis of the tap sound using a rubber hammer (tapping the bridge
area), and
e weight before and after cutting out the top plate wood below the fretboard
channels —as in Figure 8.13.

Figure 8.13. Two Dulcimer Tops with fretboard channels closed then opened.
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Results
Resonance effects are shown in Figure 8.14. As is usual with nearly all my experiments,
results were not quite what | expected. | expected a modest reduction in resonant
frequencies of the top/fretboard after the channels were opened, and reduced stiffness
(increased flexibility).
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Figure 8.14. Effect of fretboard channel on resonances

But, for these two dulcimers, opening the fretboard channel had almost no effect on the
stiffness of the dulcimer top, nor on the way it likes to vibrate. Changes in stiffness,
resonant frequencies and weight were less than 1% or 2%.

Conclusion

The removal of the top-plate material below the channel of a hollow fretboard probably
has very little effect on the tone of a mountain dulcimer. It doesn’t seem to affect top-
assembly stiffness very much, or change the resonant behavior of the free top. Weight is
only reduced marginally. Open or closed — it seems OK either way.

There is a slight increase in box capacity with the open channel which does lower the
first air resonance — but only by about 5Hz; not enough to notice an effect.

This all might not be very surprising, at least in my designs, because the fretboard
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channel only extends up to the strum-hollow area, leaving most of the lower bout
unchanged with or without the fretboard opening. And most of the sound from the top
of a mountain dulcimer comes from the lower bout.

The bracing on these two tops are only 3mm high and are quite flexible - so they are low
and wide rather than higher and narrow as | more usually do. It was another attempt to
make the top assembly a little more flexible and lower the resonant frequencies, but
still keeping it structurally strong across the grain, which | like to do. As it happens, the
resonances didn't really turn out any lower than for other tops with stiffer bracing. |
haven't tested opening the fretboard channel on a top without braces, but | have
measured my complete test dulcimer (which is a better test) with and without top and
back cross braces. There was about a semi-tone reduction in frequency of the first two
or three resonances when going from top and back braces to back-only bracing, and
another semitone reduction when removing the back braces (no top or back braces).
But for those three conditions; full, half, and no bracing on the same dulcimer, |
couldn't really tell much change in the sound when listening to it. It might well be
because even though the first air resonance fell from about 200Hz (full braces) to 165Hz
(no braces), that's still above the D147 or C130 for the bass string of a dulcimer, and so
the fundamental part of the sound would still be missing. The presence or absence of
top/back bracing alone doesn't contribute enough to get the first air resonance low
enough to cover the bass string fundamental. A combination of no bracing, small sound
holes, and a large body might do the trick, but | haven't seen any reasonably sized
dulcimer that does have a low enough first air resonance. | might make myself a
Tennessee Music Box and see what that looks like - they look unreasonably large to me
and might represent the upper extreme in size, and hence a lower limit of box
resonances.

| do recall Lois Hornbostel™ once saying that when playing acoustically with other
instruments the principal requirement of a mountain dulcimer is loudness. Other tonal
subtleties have to be subordinated to that. So, that is a point as a player that non-
performing makers such as myself sometimes don't appreciate.

Some players also don’t want too much bass. Many players these days say they want a
"warm", "mellow", "resonant" sound in a dulcimer, and the bass string probably
contributes most of that component of the sound. I've drawn attention to the mismatch
between the lowest note the strings are tuned to, and the lowest note the box is
capable of producing — the bass string asking the box to produce a note it's not capable

of doing. But like everything to do with musical instruments, it's not that simple. The

13 www.loishornbostel.com

168



box does reproduce the bass note, it just gets less and less efficient as the string note
gets lower, and the lowest box resonance (the Helmholtz!) gets higher. So that situation
might well suit some styles of playing, and noter-drone in general, especially with small
bodied dulcimers. But many clearly want improved bass contribution to the sound (or
say they do), so there's a move towards larger bodies with a view to improving the bass
sound.
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Chapter o
Arched vs Hollow Fretboards

Effects of Arched vs. Hollow Fretboards on Top-plate
Vibration- Apr 12, 2013

There is always a steady stream of comment and questions about the merits or
otherwise of arched vs continuous fretboards in a mountain dulcimer.

In the past, | have made two “identical” dulcimers with the only difference being that
one had an arched fretboard, with four arches, and the other a hollowed fretboard of
the same material. Informal listening tests seemed to indicate that the two were very
similar in sound quality, but no serious analysis was undertaken.

Many of the dulcimers I've subsequently made have had arched fretboards, and many
have been continuous hollowed. I've measured vibration modes of the top plates of
many of them. No characteristic differences in the way the tops vibrate have been seen,
and no basic sound differences that | could specifically attribute to the fretboard being
arched or hollow has been heard.

Overall, questions regarding arched or continuous fretboards and “freeing up” or
“smothering” of top plates have seemed like red herrings to me —an unproductive
waste of time. Both approaches can, and do, lead to good outcomes in terms of fine
sounding dulcimers, depending on many other factors as well as the fretboards. So, all
my tests and observations have been on pairs of instruments that have had many other
differences as well as the fretboard arching, making it difficult to attribute anything
specifically to the fretboards. In addition, there was a hint in an experiment earlier, that
an arched fretboard might have subtle effects on the stretching/compression of the web
of top plate under the arch, and this might affect top/fretboard stiffness and hence the
sound (this is pure speculation on my part).

So | got out my long-suffering test dulcimer to see what happens with different types of
fretboards on the one instrument.

Method

The existing fretboard was sawn off and the top smoothed by putting the instrument
through the drum sander (Figure 9.1)
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Figure 9.1. Test dulcimer with fretboard removed

The process of sanding also thinned the top plate smoothly from about 3mm thick at the
center to about 1mm thick at the edges, so as an aside it will be interesting to
gualitatively note the effect of that. | also had to replace the scroll head with a flat head.
The instrument had an outer (double) plywood back which was removed for the
fretboard tests leaving the balsa inner back as a single outer back.

Tests were conducted on three types of fretboard:

e asingle continuous arch from the nut to the strum hollow,
e four arches each approximately 4 in. long (as | would normally do), and
e a hollowed fretboard up to the strum hollow (as | would normally do).

The four arched case was made by packing wood blocks under the single long arch at
the positions of the braces inside the top plate.

The fretboards were made of mahogany and had the same treatment from the start of
the strum hollow to the end block of the dulcimer.

They were NOT of the same stiffness, and the top/fretboard assemblies are also NOT
the same stiffness, but the region of the major bout from the sound holes to the end
block should be similar in stiffness and mass in all cases.

With such radical differences in the fretboard and top stiffnesses, | would expect sound

differences, but not necessarily large differences in the vibrations of the lower bout
where most of the vibration occurs.
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Figure 9.2. Continuous arch and hollowed fretboards

For interest, | measured the vibration modes of the test dulcimer without a fretboard
before and after the plywood outer back was removed. This gave some sort of a starting
point for comparison with the three fretboards that were glued on in due course. It also
gives some hints as to how a double back might influence the way a top vibrates — but
only hints.

Figure 9.3 shows vibration modes below about 500Hz, without a fretboard and before
and after removal of the outer (double) back.
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The added stiffness of the double back has changed the lowest air resonance by less
than a semitone, but the first bar resonance reduces by nearly four semitones when the
outer back is removed because of the large reduction in dulcimer box stiffness (no
surprise). The next few resonances are also lowered when the back is removed. These
might be expected to change the general tone of the instrument. When the fretboards
were later added, for all three fretboards the 1st air mode was basically the same with
or without the fretboard — set by the box cavity. The 1st bar mode, also remained the
same with and without a fretboard. From there upwards in frequency, the single arch,
and to a lesser extent the four-arch fretboards, had several vibration modes in common
with the no-fretboard box. The frequencies varied around a general region, as would be
expected. The hollow fretboard only preserved the 1st air and bar modes, as far as could
be seen by the patterns of vibration.
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Above about 500Hz the higher vibration modes (with no fretboard) get more complex,
but match up in frequency fairly closely with and without a double back (Figure 9.4).
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Figure 9.4. Vibration modes above 500Hz thout fretboard

This seems to imply that any effect on the top vibration by an outer back (other than the
first bar mode) might be restricted to the lower frequencies. This doesn’t comment on
any increase in perceived loudness by the outer back slots directing sound out sideways,
although that wasn’t the case in this dulcimer when | measured it — loudness was
basically unchanged with double back, and even reduced if the sound hole size was
reduced.

After measuring the response of the box with no fretboard, with and without a double
back, the fretboards were added in turn, and measurements made. During testing for all
three configurations the same strings were used and the same bone bridge. No
modifications to the body were made except that for the hollow fretboard; the
underside of the fretboard was opened into the body by removing the top material, as
shown in Figure 9.5.

Figure 9.5. Body of dulcimer with hollow fretboard
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Hide-glue was used to facilitate removal of the fretboard between configurations,
however, it was still difficult to remove the fretboards between tests.

Summary of Results

Did anything sensible come out of this study? As usual — yes and no. A general summary
of outcomes is:

1. In the process of smoothing the top plate in preparation for the new fretboards the
edges were reduced to 1Imm thickness whilst the center-line of the top remained at
3mm. This severe tapering of thickness seems to have significantly modified the tone of
the instrument to become mellower. The three fretboards all sounded different, but the
general impression of a mellow, treble-reduced, and somewhat brash tone remained in
all three. Thinning the edges of a mountain dulcimer top was specifically investigated
elsewhere in Chapter 5.

2. The hollow fretboard was the clear winner of the three in terms of my own preference
for the sound. It was louder, had better sustain and more punch on the higher fretboard,
and a more pleasing tone overall.

3. The hollow fretboard was lighter than the arched fretboards.

4. The hollow fretboard was by far the loudest of the three. The single long arch was the
quietest. This goes against the argument of freeing up the top plate by making arches in
the fretboard. The reason became clear when looking at the way the tops vibrated.
Releasing the fretboard below a long arch made it so flexible (less stiff) that much more
vibrational energy was expended in the upper bout, but at the expense of the lower
bout, which all but ceased vibrating at a number of frequencies.

5. The long single arch suffered from significant tonal and loudness variation in central
regions of the arch (frets 5 to 7).

6. Recordings of the same short tune for each fretboard returned the unexpected result
that the four-arch fretboard was clearly the preferred recorded sound. This indicates
that perceptions of a live instrument may not be the same as a recording of the same
instrument.
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Physical Changes to the Test Dulcimer and

Some Comments about Top Edge Thinning
In the course of these experiments, the original fretboard and scroll headstock were
sawn off and the top plate was smoothed by running the dulcimer through a drum
sander. In this process the centre of the top plate, being less constrained than the
edges, deflected downwards under the pressure of the sanding drum and remained
thicker than the edges. The result was a top plate very nicely (but unintentionally)
tapered in thickness from about 3mm at the centre-line to 1mm along the edges.
Although some makers advocate doing this in dulcimers, it hasn’t been my practice.

The outer ply back was removed and the inner balsa back became the single outer back.
Both the top and back plates therefore ended up lighter and more flexible, at least
around the edges, than | would normally make them.

The four-arch fretboard was formed by gluing snug fitting blocks under the single arch
fretboard at the positions of the internal top braces. The whole arched fretboard was
removed prior to replacing it with the hollow unit.

For the hollow fretboard, the top plate of the dulcimer was cut away under the hollow
channel.

A fairly heavy, flat headstock replaced the original scroll headstock. Figure 9.6 shows the
three dulcimers.

The same bone bridge was used on all three cases, and the same strings. | didn’t
measure the stiffness of the three fretboards, but | did measure their weights:

The Weights of Three Completed Fretboards

1. Single long arch fretboard 209 gm
2. Four arch fretboard 218 gm
3. Hollow fretboard 200gm
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Figure 9.6. Three test fretboards - full arch, four arches and hollow

The hollow fretboard was actually the lightest. The height of the arches was typical of
what | normally do, and so were the channel dimensions of the hollow fretboard so |
think this is likely to be a general finding; i.e., hollow fretboards are likely to be lighter
than equivalent arched fretboards. This can always be calculated from dimensional
measurements anyway, but | had intuitively thought that the arched fretboards would
be lighter.

The average weight of the fretboards on my previous twelve dulcimers was 274gm, so
these three test fretboards were about 25% lighter than usual.

The height above the top plate was the same for all three fretboards, at 22mm. This was
high compared with an average of 19mm for 25 previous dulcimers —about 15% higher.
This might make them stiffer than average, but that would depend on the size of the
channel or height of the arches, and also the fretboard width and wood type. In this
case the wood was mahogany, of average density.
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| wasn’t worried about the stability of the long single arched fretboard because it was
only a short-term test. The fretboard visibly deflected under finger pressure, but played
surprisingly well, though long-term stability might be an issue.

To get an idea of the top/fretboard stiffness, | measured the top deflection of the
hollow fretboard test case against my own dulcimer #54, which has a fretboard height
of 21mm. Some crude calculations of the stiffness based on the Moment of Inertia
formula indicated that the two fretboard/tops should be similar in stiffness in the region
of the fretboard; i.e., down the center-line of the top. However, the measured
deflection of the top/fretboard of the test dulcimer was 2 % times greater than #54 i.e.
it was much more flexible (less stiff). This could be for a few reasons.

1. The test fretboard could actually be a lot less stiff than #54, despite the calculation.

2. The test dulcimer has no side linings whereas #54 does, so the edge of the #54 top
plate might be generally stiffer.

3. The test dulcimer top plate is severely thinned to 1/3 its central thickness. Dulcimer
#54 does have a groove around the internal perimeter of the top plate, but is still at least
twice as thick as the test dulcimer near the top edge.

Both tops are Western Red Cedar and internal top bracing is similar in both (with one
exception, below).

Perceived Tonal Changes With Fretboard Type

First, some comments on the possible contribution to tone of the top thinning and lack
of side linings.

The test fretboards were lighter and possibly stiffer than | usually use, both of which
might point to stronger trebles, but this seems to have been outweighed by the tapering
of the top down to 1Imm at the edges, contributing to increased overall top flexibility
which favors the lower frequencies. The result was that for all three fretboards the
general tone was more mellow than bright, but with reduced dynamic loudness range
overall and less cutting power or punch on the treble string. In a previous experiment
about internal edge grooving of top plates (Chapter 5), | concluded that grooves didn’t
much modify the tone, but perhaps those grooves, which | equated to edge-thinning,
were not deep enough to demonstrate an effect. Or maybe they were in the wrong
place. In this dulcimer, the very thin top edges seem the likely cause of the mellow
sound, with some additional contribution by the lack of side linings which would make
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the edges easier to hinge up and down. So:

a very thin top edge, say 1Imm, rising to 2.5mm to 3mm centrally beneath the
fretboard might result in a more mellow tone even with a stiff and light fretboard.

| noticed that on the test dulcimer, for all three fretboards, | could change the pitch of a
plucked note by pressing heavily on the fretboard along the middle two thirds of its
length, but could not do this on dulcimer #54 which has a very bright and cutting treble.
Mountain dulcimer top mobility by edge thinning might therefore be a profitable area
for study. In addition, if severe edge thinning is confirmed as having a tonal effect, and
that tone is desirable, then it is an intervention that can be done after the instrument is
completed.

The following subjective impressions of the test dulcimer were in comparison with my
dulcimer #54, which to my mind is a superior instrument. One thing | can say for certain
is that the sound of the test dulcimer, for all three new fretboards, was preferable to the
fretboard | took off, which | never liked. This re-confirms to me that the fretboard is one
of the main determiners of the tone of a mountain dulcimer.

Tonal impressions of a fretboard with a single long arch:

e There was a reduced sustain and dynamic loudness range; a “choked” sort of
sound.

e |t was possibly slightly louder, but had less cutting power and punch.

e The sound was mellow but brash and seemed mellow because of a lack of trebles
rather than an improved bass. It was “muffled” rather than balanced.

e There was a noticeable tonal change as notes were played up the fretboard, most
pronounced on the bass string. Towards the middle of the arch, over frets 5 to 7,
there was a definite reduction in loudness.

e The note obtained by blowing across a sound hole (the “Helmholtz” tone) was
the same for both major and minor bouts. Most dulcimers have two different
tones, lower for the major bout and higher for the minor. This might imply that
this effect is modified by the fretboard rather than the size and shape of the box
cavity. But that’s another study.

Overall, it wasn’t a particularly pleasant tone, and given the variability of the sound up
and down the fretboard, and the general instability of the structure, the single arch
approach doesn’t seem to have a lot to recommend it. If the fretboard was made super
stiff, with carbon fibre rods for example, the sound might be more consistent over the
whole length, but that assumes the general tone from the top plate is acceptable and
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stiffening the fretboard might not affect that. Another test to study. The single arch
configuration did not hold its tuning well.

Tonal Impressions of a Fretboard with Four Arches: There was an improvement over
the single arch, but a generally similar mellow/muffled tone. The balance up the
fretboard was acceptable, but there was an “echoey” brassy edge to the sound and the
hint of a wolf note.

This configuration seemed marginally louder than the single arch, and maintained tuning
better.

Tonal Impressions of a Continuous Hollow Fretboard: Without question this
configuration produced the best sound of the three, to my ear. In common with the
other two fretboards there was the mellow bias, and still with reduced clarity of note
compared to #54. But, it has a much improved “punch” and tonal attack, and is balanced
over the whole of the fretboard. There were no wolf notes and there was improved
sustain on the higher fretboard, including the bass string. The brashness of the other
two configurations was much reduced. They were clearly louder than #54. The general
impression was of muted mellowness with improved dynamic range compared to the
two arched fretboards, but not as good as #54.

Since the only change between the configurations was the fretboards, I’'m assuming that
the hollow fretboard is the source of the preferred sound over the two arched
fretboards. This leads me to lean away from arched fretboards in the future, even
though | like the look of them (and #54 has an arched fretboard). But all other things
being equal, as they were here, the hollow fretboard was a clear winner.

Others may argue that different arch arrangements will produce better results than
mine, and that might be so. But unless the same instrument is constructed and
compared with a continuous fretboard on the same dulcimer, we’ll never know for sure.

Modes of Vibration of the Top and Back Plates

The modes of vibration of the tops and backs of the three fretboard configurations were
visualised by loudspeaker excitation over a range of frequencies up to about 1000Hz.

In the test dulcimer, as is the case with most dulcimers, once the excitation frequency
was above about 600Hz the vibration mode patterns get quite complicated and run into
each other. The wood and/or air resonances are so close to each other that the top and
back is in a continuous state of vibration and it becomes difficult to make much sense of
the patterns. This doesn’t matter a lot, because in the building process a maker has
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essentially zero control over resonances above about 500Hz.

Figure 9.7 shows an example from another dulcimer where two resonances are within a
quarter tone of each other, but the top is vibrating quite differently in each. These two
vibration modes would both fall between frets 10 and 11 in a DAd-tuned dulcimer (or
overtones of lower notes).
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Figure 9.7. Two top resonances close in frequency with quite different vibration modes

This can happen at lower frequencies too, but often there are large frequency gaps
between resonances and if the string vibrates at frequencies in those gaps the top and
back will not respond much, or vibrate more weakly. That’s one reason for having a
sufficient number of low frequency resonances.

Generally the backs vibrated with the same patterns across all three, but with the
normal sort of frequency variation for a particular vibration mode that I'd expect in
dulcimers with different constructions; and sometimes in a different order. Keep in
mind this is exactly the same back and top in all cases, so the different fretboards are
influencing the way the back vibrates. Figure 9.8 shows the first bar vibration mode for
the three.
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Figure 9.8. First back bar vibration mode for three fretboard types

In an ideal bar, the lines would be straight across rather than curved.

At a higher part of the frequency scale, a wood vibration mode is shown in Figure 9.9.
There were some unusual back vibration modes, but by and large they were

comparable.
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Figure 9.9. A back vibration mode at higher frequency

As might be expected, the tops were less alike than the back, in the way they vibrated.
Figure 9.10 shows the first bar vibration mode on the tops.

This is an interesting picture when taken in conjunction with the back vibration for the
same bar mode (Figure 9.8). The bar vibration patterns are quite different for the three
tops, but the end points of the arcs, at the instrument edges, match up with the end
points of the corresponding arc in the back modes; i.e., the bending of the whole
dulcimer like a bar is occurring at the same point on the sides, but within the top and
the back, the bend line seems to take the path of least mechanical resistance.
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Figure 9.10. First bar vibration modes for same tops, different fretboards

In the case of the back, the curved bending line could be because of the criss-cross (#)
internal bracing and the very light and flexible back plate. The back is bending around
the outside of the criss-cross bracing.

For the tops, the four arch fretboard bend line is nearly straight across, which seems to
imply that the top/fretboard is effectively equally stiff the whole way along the
fretboard, including the strum hollow. In contrast, the single arch top goes out of it’s
way to bend under the arch where the whole top is clearly less stiff, certainly less stiff
than the strum hollow area. A vibration preference like this for the lower stiffness areas
might partly account for reduced sustain in this configuration compared to the other
two.

The bending line on the hollow fretboard doesn’t seem to know where to go, and ends
up with the dulcimer twisting instead of bending straight across. | haven’t seen this in

any other dulcimer I've tested, so I’'m not sure how it might arise. But a bit of asymmetry
is not necessarily a bad thing, and it doesn’t occur in all vibration modes.
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Figure 9.11 shows the top mode vibration corresponding to the ~670Hz back mode
shown in Figure 9.9.

ML OiAiil“
Figure 9.11. Top mode vibration at higher frequency

This is clearly the same vibration mode for all three, meaning that at these frequencies
the vibrations are occurring in the same areas of the top in each case. This in turn means
that the very different fretboards have not prevented the tops from vibrating in a way
possibly dictated by the top plate itself, rather than the fretboard. Which is something
I’'ve said elsewhere doesn’t happen much, although it could also just reflect the general
common increased stiffness of the whole box with a fretboard attached.

Even though the vibration patterns are all generally the same, the fretboards do
influence the top here in a way that may well affect tone. The pattern of vibration is
different on the lower and upper bouts for the different fretboards. With the single arch
fretboard, there is well-defined vibration of the upper bout and the waist area (because
the sawdust has been vibrated off in those areas), but the lower bout has a large area
from the start of the strum hollow to the end of the instrument that is not vibrating at

185



all (Figure 9.12). This is shown by the fact that the sawdust has remained in place on a
large part of the lower bout of the top instead of being jostled away as it would have
been if that part was vibrating. The reverse is true of the hollow fretboard — the lower
bout is vibrating more cleanly than the upper bout. The four arched fretboard is a little
fuzzier in its vibration over the whole of the top. | don’t know what this might mean for
tone overall, but it’s a demonstration that the distribution of stiffness along the
fretboard can influence a resonant mode of the top plate to make it vibrate stronger or
weaker at different parts of the top. For the single arch fretboard this lack of vibration
over half of the lower bout was present in several resonances.

Figure 9.12. A vibration mode for the full arched fretboard where the lower bout
stopped vibrating.

A speculative summary of this effect of fretboard type modifying the upper/lower bout
vibration bias might be:

e single arch — less stiff at nut end of dulcimer — bias towards upper bout
vibration,

e multiple arches — more even stiffness — vibration of whole top, but fuzzier, and

e hollow — less stiff in strum hollow area — bias towards lower bout vibration.

This has ramifications for the “free up the top plate with fretboard arches” argument:
an arched fretboard may result in changing the bias of vibration from the lower bout
to the upper bout of a mountain dulcimer, rather than just increasing the vibration
below the fretboard arches.

This is not necessarily a good thing or a bad thing as far as resultant sound goes, but it
again reinforces the importance of the fretboard in shaping tone.

Looking at the top vibrations without a fretboard; i.e., just the dulcimer box, there are a

number of commonalities in the mode shapes with those of tops with a fretboard, and
at similar frequencies. This points to these vibration modes being resonances of the air
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in the box rather than wood resonances. Others have speculated that cavity resonances
in @ mountain dulcimer may be as important as the wood resonances themselves. If this
is the case, then the fretboard is modifying the way that the internal air pressures at
resonance interacts with the wood of the instrument. The end result is the same — wood
or air resonance, the way the top actually vibrates is modified by the nature of the
attached fretboard.

Top/Back Relative and Absolute Sound Levels

Generally speaking, the tops of mountain dulcimers I’'ve measured produce sound levels
2 or 3 decibels higher than the backs — i.e., the tops are noticably louder than the
backs.

In this case, the test dulcimer has a back plate made from balsa wood, which is much
lighter than other dulcimers and less stiff. | would therefore expect the back to make
more of a contribution to the overall sound output.

For the three fretboard configurations tested | measured the top-vs-back sound level
difference using the method described in Chapter 15. | also measured several other
dulcimers under the same conditions.

The process also produces a measure of absolute sound level of the tops. Although this
is more prone to error than the difference between top and back, | was careful to keep
the measurement protocol as standard as possible, and so, with the averaging of a
number of trials, the absolute sound level of an instrument could be reasonably
indicated.

In terms of top vs. back loudness, for all three test fretboards — a single long arch; four
arches and continuous hollow fretboard, the top was essentially the same sound output
as the back - all three configurations averaged less than 0.5dB SPL difference between
top and back. The collection of other dulcimers tested varied between 1dB and 3dB top
to back SPL difference. | take this to indicate two things.

1. The three different fretboard configurations did not appreciably alter the

acoustic relationship between the top and the back, as far as loudness goes

anyway.

2. The light balsa back produces relatively more sound that a normal denser back.
The estimates of absolute top sound output were more interesting —there was a

consistent difference in top SP levels between the three fretboard configurations. The
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averaged top SPL measurements were:

1. single long arch fretboard 60.9dB,
2. four arch fretboard 62.4dB,
3. hollow fretboard 64.3dB, and
4. three other dulcimers (average)  60.5dB.

This implies that the continuous hollow fretboard configuration was noticably louder
than the four arched fretboard, and louder againcompared to the single arched
fretboard case. All three were louder than the other dulcimers | tested. Whilst these
numbers might be a bit fuzzy round the edges, they are averages of multiple trials with
small variation between trials. So, | am reasonably confident that the order of things is
correct. In addition, the measurements were consistent with my subjective impressions.

The increased loudness of the test dulcimer over the comparison dulcimers might be
because of increased mobility of the top plate because of the very thin top-plate edge,
or because the three test fretboards were all about 25% lighter than the average for my
dulcimers. More likely both contributed.

This result, for this one dulcimer, is the opposite of what would be expected if it is
argued that using an arched fretboard will “free-up” the top and produce more sound.
The most free top of the three, the single long arch, was the quietest, possibly because
although the upper bout was vibrating more under the arch, it was at the expense of the
lower bout, which simultaneously vibrated less.

Measured Chord Attack Time

The three test fretboard configurations produced a mellow sound, but they lacked
“punch” — there was less impact from staccato chord playing compared to my own
dulcimer, #54. | thought this might be because of increased attack time for the sound;
the top, even though light, might be so flexible that it takes longer to initiate box
vibrations via the string energy.

But measuring the sound rise time for all three fretboards, and for comparison
dulcimers, showed this not to be the case — the test dulcimer attack time was just as
quick as other dulcimers. The follow through immediately after the attack transient also
looked the same for the test and comparison dulcimers. This might imply that the
mellowness is associated with reduction in the higher partials, rather than a slower note
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attack time, and that attack time is unrelated to thinness of the top-plate edges.

Recorded Sound Clips of Three Fretboards

Under the same conditions, | recorded the same short tune for each test configuration,
and for dulcimer #54. The tune only utilised the lower fretboard, up to fret 4.

And then — listening critically to the replays, it surprisingly became clear that |
preferred the sound of the recording of the four-arched fretboard, even to my own
dulcimer. The single arch was still last, but the hollow fretboard was second-last.

Surely | must be imagining this! So | analyzed the sounds to see if numbers could
reassure me | was just fooling myself. | measured the center of gravity frequency of the
spectrum for each fretboard case, the standard deviation of the frequency, the spectral
slope. | changed the spe