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Abstract

As part of an ongoing, larger project dedicated to investigating allure of the Stradivarius family of
violins (and violin lutherie in general), I explored the effects of bridge mass on the instrument’s acoustic
signature. Using a rig inspired by Joseph Curtin’s design (Curtin 2018), I attached two balls of mass (of
9.00 and 18.00 g) to five different positions on the bridge of a violin. I then struck the bridge from two
orientations with an impulse hammer, thereby delivering a known impulse, and generating a frequency
response function (FRF) by comparing the impulse with the violin’s resulting sound. When each case
was compared to a case where no additional mass is added, results showed that positioning of the mass
on the bridge is equally important to, if not more important than, the actual mass used. Despite the low
sample parameter sample size of between two and five trials for a single case, these results indicate

promising effects regarding the mass distribution of a violin bridge.

Introduction

Within the violin community, the orchestral community at large, and even somewhat into public
cognizance, few names carry as much weight as “Stradivarius”. As of 2011, the violins built by Antonio
Stradivari have sold for as much as 15 million dollars (“Lady Blunt”, 2011), with certain other
instruments even exceeding that price. Stradivari are known for “somehow [reversing] the
inverse-square law”, seemingly remaining quiet to the performer yet projecting into an audience hall
(Cho 2017). Sometimes, just playing such an instrument is not enough; one might want to inform the
world of the fact. In all of its concert program notes, for instance, the Boston Symphony Orchestra

makes note of all the Stradivari (and other great instruments) that its members play. The Bach



Corporation even builds a “Stradivarius” line of brass instruments, paying homage to the great influence

that the name holds (Bach 1925).

Yet though “Stradivarius” carries awe, it also carries some hints of doubt and skepticism. After all, a
powerful name is ultimately still a name. How much of the value in “Stradivarius violin” is
“Stradivarius”, and how much is “violin”? In 2012, and again in 2013, a small team helmed by Joseph
Curtin and Claudia Fritz led an experiment to determine whether performers and audiences could
identify Stradivari from new violins by sound alone (Fritz et al. 2017). They concluded that not only
were participants “unambiguously” in favor of new instruments, but the aforementioned so-called
breaking of the inverse-square law appeared to be false; that an instrument being softer to the player
equated to less projection into the audience hall, and furthermore that less projection into the audience
hall equated to a lesser rating from the audience. In other words, Stradivari were softer under the

performer’s ear, and thus softer to an audience’s ears.

This then begs the question, what makes a Stradivarius a Stradivarius? By modern standards, such
instruments are unquestionably good (i.e. they exhibit sound qualities as desired by professional
musicians), despite an apparent preference for modern instruments (at least, in a double-blind test). If we
can supposedly outclass the Stradivarius with modern manufacturing techniques, as the 2012 and 2013
studies imply, then surely we can perform rigorous and thorough experiments on the violin family as a

whole to determine which physical components lead to artistic desirability.



Thus motivated is my research. My part in the larger picture is to investigate the effects of bridge mass
on a violin’s sound. We already know that adding mass to the bridge greatly effects a different sound,
this practice was done by composers in the form of bridge mutes. My research is particularly concerned
in effective mass distribution of a violin bridge - if I had a ball of mass and placed it at different points

on a violin bridge, how would the instrument’s sound change?

The violin
In an orchestral strings section, the violins are the highest-pitched instruments, usually falling to the
conductor’s left. They have been a mainstay of concert halls since the Classical Era, and continue to

remain a popular instrument.
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Fig. 1: Parts of a violin. Retrieved from Pyrkosz 2013.

The bow excites a string via a continuous cycle of stick-slip (Wolfe). The string’s vibrations are

transmitted to the top plate via the bridge, which vibrates the body of air within the instrument, thus



producing sound. It should be noted that unlike a guitar bridge (for example), which is directly attached
to the instrument’s main body, the violin bridge is free-floating and held in place due to the downward
tension of the strings and the resulting friction between the bridge feet and the top plate of the
instrument. The specific location on the top plate where the bridge is in contact is also less rigid than the

rest of the plate, allowing for freer vibrations.

Depending on the desired tuning frequency (i.e. 415 vs. 432 vs. 440 Hz), string length, and string gauge,

each string is tightened to a tension of roughly 40 - 50 N.

Assumptions and background
We conducted this series of experiments assuming that violins of interest would be in tune, as the main
interest in the instrument is centered on its place in the concert space. As such, part of my methodology

included checked tuning every few trials.

It is also important to understand the effects of violin strings on the bridge. As mentioned, the violin
bridge is not held in place via adhesives, dovetailing, or other external methods. Instead, it is kept in
place solely via the downward force exerted by tensioned strings, and prevented from moving by way of
the resulting friction. This means that a sufficiently detuned violin will have its bridge susceptible to
being knocked around, or even to have its bridge knocked off entirely. Keeping the violin in tune did
more than approximate an instrument of interest; it also ensured structural stability while taking

measurements reliant on a physical impact.



Violins have also been exposed to changing bridge masses for hundreds of years. The violin mute is a
physical object attached to the bridge, giving the instrument “softer” (in timbre, not volume), “more
lyrical” qualities. This idea of dampening out vibrations via additional mass, then, is not new. It follows
that we had initial preconceptions and expectations prior to starting experiments, expecting some level

of amplitude reduction at all levels.

One might also question the validity of our work, given that real performers do not strike their bridges,
but rather excite the strings via bowing or plucking. However, the impulse hammer delivers a certain
amount of energy at every frequency. In comparison to the acoustic response, in which a microphone
detects every frequency excited by the instrument, the FRF represents a sort of transfer function between
a force input and an acoustic output. Hence, one can observe how an impact input allows an analysis
across all frequencies, rather than specifically targeting a set of frequencies as delivered by a bow in

normal playing.

Methodology
The most significant component was a violin measurement rig inspired by Joseph Curtin’s design
(Curtin 2018). The measurement rig isolated the violin from the world via silicone bands at the scroll

and at the bottom, and provided adjustment arms for positioning of an impulse hammer.



Fig. 2: The measurement rig, both inside and outside a quiet room.

To get a full measurement, the Violin Society of America decided on twelve positions around the violin
to account for different perceived sounds depending on where an audience is located with regard to the
instrument, impacting the bridge both horizontally and vertically with the hammer. The violin holding
platform can rotate with respect to a fixed microphone, so that we can acquire all twelve positions’
worth of data. With two orientations (Horizontal and Vertical) and two sets of 12 for a total of 24
positions, this protocol was named HV24. Each position is averaged over five taps, for a total of 120

taps across all positions.

The impulse hammer would deliver a known impulse to the bridge, and the microphone would measure
the violin’s acoustic signature. The signal from both the impulse hammer and the microphone would be
received by a mixer/preamp, before then being processed via the OberlinCode LabVIEW program (see
Index), creating a single frequency response function (FRF) based on the complete average of all 24

positions, though there also exists the ability to view specific taps or horizontal vs vertical averages. The



code is also capable of showing both the real and imaginary parts of the Fourier Transform. For the

purposes of this article, all graphs related to the frequency domain show the real part.

The variables of interest were bridge mass and effective bridge mass distribution. The control case was

the violin’s FRF with no added bridge mass (i.e. a “normal” violin). I had two balls of poster putty of

differing masses and five positions on the bridge where I could place a mass, for a total of ten additional

variations. Among my violinist colleagues, the most common mute weight was between 16 and 19 g,

hence the selection of 18.00 g as a mass. We also chose 9.00 g to observe doubling/halving effects.
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Fig. 3: Bridge reference photo. Circled positions are positions of interest where I placed extra mass.

Due to the auditory nature of the experiment, it was important to reduce the level of ambient noise. In

recognition, much of the experiment was conducted in a sound-absorptive room.

Table of parameters:

Parameter

Description




Violin Cecilio CVN-600. Bought for approximately $300. Tabulated as
“Mid300”.

Room/location Quiet room padded with sound-absorptive material. Tabulated as
“EMID quiet room”. See Index for data collection in a room with
office-level background noise.

String damping Thrice-folded lined paper located close to the scroll. Its purpose

was to stop strings from ringing.

Microphone placement

12.5 in above the violin holding platform, 11 in away from the face

of the violin.

Extra mass Sticky poster putty. One ball of 9.00 g and one ball of 18.00 g.
Bridge positions B,C,F, K, and L.
Other The violin’s tuning would be checked every few trials to make sure

it was roughly in tune, or otherwise that its strings were still taut.

Table of other equipment:

Object

Description

Impulse hammer

PCB 086E80. Miniature impulse hammer rated for up to 50 1bf.

Microphone

Shure SM81. According to the manufacturer, the microphone is




designed for measurement of acoustic instruments and devices.

Mixer/preamp

Roland OCTA-CAPTURE. USB audio interface capable of four
modifiable inputs. Accepts quarter-inch and XLR cables.
Independent gain control and phantom power control for each

channel.

Violin measurement rig

Custom-made rig based on Joseph Curtin’s design. Three
independent sliders allow for 3D positioning of impulse hammer.
Stationary arm holds violin stationary relative to rotating base.
Violin is isolated from the world via silicone bands. Another arm
sticks out away from rotating base to hold microphone stationary
relative to the world. The rotating base can rotate relative to the

microphone.

Accuracy, certainty, and error

Because we initially anticipated fairly subtle differences between cases, we took efforts to maximize
certainty and minimize error. With few exceptions, the standard deviation across all cases and all bands
was under 1 dB, implying that one could observe distinct differences in results between different cases
to about 1 dB resolution. For the control case, all standard deviations in the measurements of each band

fell under 0.50 dB. Ultimately, as the data shows, much of these differences ended up being much larger

than this 1 dB resolution, showing that the differences we detected are real and certain.




The below figure tabulates standard deviations across all frequency bands, as measured in the control
case of having no added mass on the bridge. In Hz and from low to high, the bands are 200 - 355, 355 -
520, 520 - 780, 780 - 1400, 1400 - 1740, 1740 - 2930, and 2930 - 10000, selected based on the location

of distinct peaks in the FRFs. These bands will henceforth be referred to as bands 1 - 7.

On the right is a visual representation of the standard deviation, to a scale that will be used later in this
article. As we will see later, most of the measured differences between cases are larger than the standard

deviation, indicating that the differences measured are real and not an artifact of error.

Band number | Standard deviation (dB) N .
. o
1 0.438
Tn

2 0.421

3 0.489

4 0.459

5 0.448 ¥

6 0.445

7 0.404

Fig. 4a, left: a table describing standard deviations for each band in the control case.

Fig. 4b, right: visualization of those standard deviations at the same scale as below diagrams.
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There were also various tests performed on the equipment to ensure accuracy. For a previous dataset, the
OCTA-CAPTURE had a “bypass” setting enabled that applied a certain filter across its signals, slightly
distorting the data. While this was rectified before the beginning of this article’s experiments, it should
be noted that the two datasets are located in the same larger collection, and as such if future work is to

be performed with this data the two data subsets must be handled differently.

The scale for measuring weight of the added masses used was proven to be accurate to the hundredths
place by using calibration weights. The microphone was tested with a GRAS microphone calibrator,
finding that the measured values based on a known input fall within Shure’s specifications of accurate

detections within +0.3 dB.

It should also be noted that many of these cases involve a fairly small sample size - for some, as little as
two. This is due to trial and error in determining how much additional bridge mass would be required to
generate an effect in the FRF; it was eventually determined that anything under 5.00 g could not
necessarily be discerned from random variation in between replicates - again, a surprise, given that 5.00
g is a sizeable fraction of 18.00 or 9.00 g - and the decision to focus on much larger masses was not
made until fairly late into the data collection period. Hopefully, the potential issues with small sample

sizes are offset by the demonstration of high repeatability within a single case.

Results

In observing a prior experiment, I noticed that it was difficult to tell any aural difference between

weighted cases and the base case up to approximately a 5.00 g mass. It was only when we made the
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decision to move to 9.00 and 18.00 g masses that [ was able to definitively hear a difference. As
mentioned above, we know that masses will change a violin’s sound, due to musical evidence in the
form of violin mutes. This difference in sound, then, came as no surprise. What remained was to

quantify the results.

The following diagram tabulates results in a concise, visual, and somewhat intuitive way. There are
various collections of seven bars. Each bar represents a specific frequency band over which amplitude is
averaged. The specific placement of each collection of bands represents the location where I placed the
ball of mass. The height of each individual bar shows the difference between that specific case and the
base case of no additional mass, within the respective frequency band. Note that these are differences in
dB, not raw amplitude, and therefore represent the ratio between the control case and some other, varied
case. A “negative” height indicates the the addition of extra mass effected greater energy at that certain
frequency band than the base case. The black circles indicate string thicknesses, as they sit on the

bridge; a larger circle indicates a larger string, and therefore a lower-pitched string.
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Fig. 5: A visualization of results. 9.00 g on the left, 18.00 g on the right.
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Results exhibited somewhat fairly surprising characteristics. We expected a greater additional mass to
damp out vibrations more than the lighter mass and thus result in a greater difference from the base FRF.
While this appears to be true in some cases, as shown in the third band in position L, this is not true
across all cases - as shown in position F, in the 9.00 g case (the length of band 1 in positions B and K are
comparable to the size of the standard deviations, and thus the observed differences may be
indistinguishable from noise or error). In some cases, the addition of mass appeared, strangely, to allow
certain frequencies to vibrate more freely than they would have with no mass attached. Finally, addition
0f 9.00 vs. 18.00 g in position K did not appear to generate large differences from each other, though

both certain generated differences from the base case.

Notice, also, which specific frequency bands are affected by the placements of mass. One can consider
bands 1 - 3 as low frequency, bands 3 - 5 as medium frequency, and bands 5 - 7 as high frequency. What
we expected was for mass placed on the bass side to damp out lower frequencies more, and mass placed
on the treble side to damp out higher frequencies more. This ended up not being true for most cases.
Across the board, it appeared that the medium frequencies were most affected, regardless of what

masses were placed where.

We can observe these differences in the FRFs. The FRFs are amplitude in dB vs frequency in Hz. The
horizontal lines are bands and reflect the average energy over a certain frequency range, essentially
simplifying levels across a frequency range to a single number. Behind the bands are raw FRFs that

show the amplitude of the instrument’s emittance across all frequencies as measured by OberlinCode.
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Fig. 6: FRF of increasing mass on position F. Black is no added mass, pink is 9.00 g, blue is 18.00 g.

As mass increases, the peak at around 650 Hz damps out. Notice further how higher frequencies also
appear to be damped out, but the peak at around 250 Hz remains far less changed. In this graph, we can

see how the addition of 9.00 g appears to add energy to certain bands, as opposed to damping it out.

In the following graph, again do the blue and pink graphs mostly come with lower intensity than the
control case. However, note their reversals from the position F cases - whereas position F showed 9.00 g
as being in between the control case and the 18.00 g case, the position B case shows it reversed for much
of the frequency range. This matches what the bridge diagrams show, where in position B there are

greater differences from the 9.00 g case than there are in the 18.00 g case.
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Fig. 7: FRF of increasing mass on position B. Black is no added mass, pink is 9.00 g, blue is 18.00 g.

In measuring the absolute maximum differences in the data, some of these effects become much starker;

in particular, it becomes clear that adding mass onto the G string foot (position L) greatly affects band 3.

Fig. 8: Maximum differences at each position. Note the spike at band 3.
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Again, this diagram corroborates what we observed with compiling the average data. For the most part,
the movement from 9.00 g to 18.00 g is correlated to a larger difference from the control case, but as

shown by position B this is not true for all cases.

Lastly, we can see how taking the same mass and moving it around - essentially changing the effective
bridge mass distribution - changes the FRFs by introducing a difference of up to 14 dB (in band 3). In
both graphs, we can observe clear differences from case to case, despite the usage of a single ball of
mass. Indeed, these differences were already apparent in the aggregate bridge diagrams. The dampening

appears to act as expected in the extreme bands, but not as much within the inner bands.

Fig. 9: 9.00 g mass, at different locations. Black, light blue, dark blue, orange, red, and pink are

control, B, K, C, L, and F, respectively.

16



Fig. 10: 18.00 g mass, at different locations. Black, light blue, dark blue, orange, red, and pink are

control, B, K, C, L, and F, respectively.

Analysis and interpretation

What escapes explanation is the reduction in difference at position B as mass increases, and the
seemingly somewhat mass-insensitive nature of position K. One potential explanation may lie in
vibrational modes. Intuitively, an extra mass placed close to a vibrating string would damp out
vibrations from that string. This means that a mass placed near low strings would damp out low
frequencies, and a mass placed near high strings would damp out high frequencies. In any case, it
follows that the resulting FRF would exhibit less energy in whichever frequency range is supposedly

damped out. The results are surprising precisely because they contradict this prediction.

Zhang and his team (2013) show that even in in-plane excitations of the violin bridge, the bridge still
exhibits out-of-plane vibrational modes. Given that both types of impact excitations (horizontal vs.

vertical striking) in these experiments are in the bridge’s plane, it follows that there are likely

17



out-of-plane vibrational modes we are not considering. For example, perhaps the placement of mass at
certain locations is allowing for an unexpected opportunity to vibrate differently than if the bridge were
unladen. This could likely be investigated by not taking an average of two hammer orientations, instead

measuring the violin’s response as a result of changing the hammer orientation.

Lastly, it can also be argued that the effects of moving a mass around are almost equal in importance to
the increase of mass, with as much as 13 dB of difference, and indeed this results in fairly unexpected
effects in the FRFs, particularly when one compares both horizontal and vertical distribution of mass.
Given that some of the differences between 9.00 g and 18.00 g cases were smaller (particularly in
position K), this further implies that in some cases changing the mass distribution is in fact more

important than just increasing mass.

Conclusions and future work

As this research has proven, the mass and the distribution of said mass of a violin’s bridge produces
audible and detectable effects on the instrument’s sound. Curtin, a luthier as well as an experimenter,
creates instruments and instrument parts that vary wildly from tradition (Sullivan 2016), to equal
amounts admiration and condemnation. Yet regardless of the public opinion on the validity of his
experiments, the fact of the matter is that behind the art of violin making and violin performance is an
entire field of science. As Michael Pyrkosz showed, there are over a dozen different named parts to a
violin, each of which can be measured and changed. Of each of those pieces, there exist many different
ways to alter its properties, to create a new variable. Violin construction has remained fairly

conservative and static for hundreds of years, perhaps due to more importance being placed on artistic
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qualification of sound (e.g. “warm”, “mellow”, “bright”) as opposed to numeric quantification. If we can
understand and reliably control the numerous different variables on a violin, we can use modern

manufacturing techniques and scientific understanding to create a breakthrough in its design.
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9 9.00 g mass, at different locations.

10 18.00 g mass, at different locations.

i1. Background noise

The experiment was conducted in a sound-absorptive room due to its aural nature. While Figure 4 shows
the standard deviations in the control case while the experimental setup was in the quiet room, the
following figure shows the standard deviations while the experimental setup was in an office setting,
with random day-to-day background noise including conversation, children’s banter, and various

machines and gadgets (such as laser cutters and 3D printers).
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Fig. i: Tabulating standard deviation values for the control case in an office setting.

Note that by this measure, many more differences in the data would have to be written off as being
potentially due to randomness or error. By moving to the quiet room, we were able to control the
environment much more closely and achieve a more accurate and more precise measurement of the

violin.

iii. Link to OberlinCode: https://sites.google.com/view/oberlinacoustics/downloading?authuser=0
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