7. Neck and Body of the Guitar

“For those who are new to guitars: The neck is the long, thin object to which the rest of the
guitar is attached.” Yes, that is it, in a nutshell – we certainly may agreement with P. Day
here. The rest of the instrument, the body, will be analyzed later. First, let’s talk about this
long, thin object:

7.1 The Guitar Neck
The neck of the guitar has two main functions: with its fretboard, it serves as a platform for
fingering the strings, and it accommodates the tension of the strings. In the case of mediumgauge strings, a pull of 700 N is generated, and in the case of heavy gauge, it may be up to
850 N. This is about the same weight as that of a person (71 and 87 kg, respectively). To
prevent the neck from warping under this load, it is reinforced by means of a lightly bent steel
rod (known as a truss rod) that runs the length of the neck. On one side, the truss rod ends in
an externally accessible nut that facilitates adjustment of the effective length, and thus also
adjustment of the neck relief. Only those with sufficient experience should undertake
adjustments, as the truss rod may break. Occasionally, there are poorly placed truss rods that
develop a life of their own and start to buzz. The problem is not so much the resulting soft
background noise, but in the fact that vibration energy is lost (dissipated).
The part of the neck that faces the strings is most often formed of a glued-on fretboard of
about 3 – 5 mm thickness. In the case of Fender, the neck is traditionally made of maple,
with the fretboard of rosewood. However, there are also necks without a separate fretboard
(pioneered early on by Fender) – the frets then being embedded directly in this “one-piece
maple neck”), or maple necks with a separate maple fretboard (maple cap). Gibson, the other
big name in guitars, traditionally manufactures the neck out of mahogany, and the fretboard
out of rosewood or ebony. Many manufacturers also produce specially designed guitars
(Custom Designs, Custom Shop Models, Signature Models, Artist Models, etc.), and there are
necks made from alternative materials (e.g. carbon fiber, aluminum, walnut, exotic
hardwoods, and many others), as well.
In the case of necks with a separate fretboard, the truss rod can be inserted from the front –
which is not possible in the case of one-piece necks. For the latter, a groove is milled into the
rear of the neck. After the truss rod has been inserted, the groove is covered over with walnut
or similar wood. Also available are guitar necks with a separate fretboard into which the truss
rod has been inserted in this manner. In addition to the decorative appearance of this option,
the manufacturer may argue that it improves the sound.
Guitar types may be manufactured for many years (decades), but they are not necessarily
always made in the same way. Even the Gibson Les Paul, which was the prototype for
mahogany-necks, was made with a maple neck in 1976 [13]. Moreover the construction of
the neck underwent changes: originally it was made from a single piece of wood, but for some
periods this was switched to a three-part build. The single-piece neck is sometimes said to
produce a better sound, whereas the multi-piece neck is regarded as having better shape
retention. However, such judgments should be used with caution, as there are single piece
necks that retain their shape well, and multi-piece necks producing a good sound.
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At the upper end of the neck (the so so-called headstock or peghead), we find 6 tuners (or
machine heads) that the strings are wound on to; the strings then run via the nut to the bridge.
To assure a secure contact between nut and strings, the headstock is recessed a bit to the rear,
or positioned at an angle relative to the neck. This typically makes for a bend-angle of the
strings of 5 – 15°, creating a force pressing the strings to the neck of 9 – 26% of the tension
force.
A bend angle of 15° will certainly be sufficient to guarantee a solid string-to-nut contact – but
5° is relatively little. For this reason, many manufacturers mount small T-shaped string
retainers (“string trees”) between nut and tuners – these increase the bend angle for individual
strings. In this, always a compromise between good contact and little friction needs to be
found. So-called staggered tuners may lend support here: they feature a length of the tuner
shaft that varies depending on the associated string.
At its end opposite to the headstock, the neck is connected to the guitar body. Customary are
bolted (bolt-on neck) or glued (set-neck) connections. Since the neck is excited to vibrate via
nut (or fret) and via bridge/guitar-body, the connection between neck and body must not
dissipate any significant amount of vibration energy. This interface therefore needs to be
given highest attention. In addition, mechanical stability is to be considered. To “defuse” this
system-immanent weak-point, some guitars feature a neck-though construction: the piece of
wood the neck is made from runs the full length of the guitar from headstock to end pin.
“Wings” are glued to this center section to form the actual body. This is a good solution – as
long as the neck does not break. In that unfortunate case, a bolt-on neck would be much
preferable because the neck can be easily exchanged.
More expensive guitars often sport a neck-binding consisting of a narrow ornamental strip
running along the rim of the fretboard. Multi-layer binding is sometimes called “purfling”.
Binding will upgrade the looks of a guitar, any effects on the sound are extremely likely to be
negligible. We did, however, not test this by measurements.
The surface of the neck pointing towards the strings is given a slightly convex shape in the
direction perpendicular to the strings; the backside is of half-round shape (Fig. 7.1). The
profile is V-, U-, D-, or C-shaped – or whatever other designation the marketing departments
come up with. Objective criteria for good or bad neck profiles can only be determined at the
extremes – in the end, every guitarist needs to decide individually what feels good to him or
her, and lets him or her play well. If – as taught for classical playing styles – the thumb is
placed behind the neck, V-profiles are not likely to please: these are more suitable for players
whose thumb traverses the whole neck circumference and sticks out over the fretboard.

Fig. 7.1: Semicircular neck profile with different fretboard radius (7"
and 12"), and differing thickness of the neck (18 and 23 mm). The
depictions below show different shapes of neck profiles
[Fender USA].
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The round of the fretboard is defined as the radius of the transverse contact circle. A
stronger round (= smaller radius) matches better with the flexion of the fingers and makes
playing chords easier, while a flatter fretboard facilitates string-bending (in the direction of
the frets). Again, it will be a subjective decision which fretboard-radius is seen as an
optimum. As a standard, guitar manufacturers offer dimensions from 7.25" (18.4 cm, for
example vintage Fender), via 12" (30.5 cm, e.g. Gibson) up to more than 16" (40.6 cm).
Occasionally, fretboards with a “compound radius” are found: the radius changes along the
neck e.g. from 11" – 14".
In combination with the profile, the thickness of the neck is specified at the 1st and the 12th
fret. There are slender necks with a thickness of 1.8 – 2.0 cm, and 'baseball bats” of 2.3 – 2.5
cm (or even more). Our fingers and hands sense already very small differences. The width of
the neck is not standardized, either: it varies (measured at the nut) between 15/8" and 17/8" (4.1
and 4.8 cm). Narrow necks are advantageous for short fingers but require more precise
fingering. Towards the higher frets, the neck usually gets wider: at the 12th fret, we typically
find a width of 5.1 – 5.5 cm. All these measurements hold for 6-string guitars; for 7- and 12string guitars, the width of the neck at the 1st fret will be about 4.8 cm.
The graphs in Fig. 7.1 show the round of the fretboard – but this should not be seen as a
purely cylindric round. Rather, there is slight concave curvature also in the direction of the
strings. Pressing the down the string at the same time at the first and last fret will not make the
string touch the frets in the in-between area – a distance of a few tenths of a millimeter will be
retained. Small divergences may be corrected by dressing the frets and/or adjusting the trussrod, larger deviations require sanding down (honing) the fretboard and installation of new
frets – a task for the luthier, not for your DIY “Tim-Taylor-Home-Improvement”-approach.
As the interface between musician and instrument, the neck is of central importance for
playing the guitar. A bent neck hampers playing or even renders it impossible. Bent implies
here that the surface of the fretboard diverges from its optimum shape (Fig. 7.2). A twisted
neck (right-hand figure) may lead to laying down the guitar in its final resting place – but in
rare exceptional cases it is the expression of a special art of guitar construction (Lace guitars).

Fig. 7.2: Fretboard (schematically), seen from its headstock-end. The neck shown on the left is in good order, the
other two necks are warped and twisted, respectively.
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7.2 The Frets
7.2.1 Position of Frets
The right-handed guitar player changes the length of the vibrating string by ‘fingering’ (i.e.
fretting) with the left hand. (Other fretting and playing techniques are also possible.) With the
finger, he or she presses the string to be sounded towards the neck so that contact is made
with the fret♣. Frets are metal wires with a T-shaped profile (Fig. 7.3). They are set into
grooves in the fretboard cut transversely to the direction of the strings. The upper part of the
fret that protrudes from the fretboard is rounded, and the lower part that is set into the
fretboard is designed as a barbed hook to ensure that the fret remains fixed in place. Frets
make it easier for the guitar player to achieve clean intonation (achieve correct pitch). The
length of the vibrating string is "fretted" at discrete intervals only rather than continuously.
As a first approximation, it does not matter where between the two neighboring frets the
finger is pressed. For the string, the important contact occurs on the fret. Upon closer
inspection, though, we observe that, particularly in the case of tall frets (protruding more), the
strength and position of the fingering can have a small effect on the pitch (see also Fig.7.5).
Fig. 7.3: Longitudinal cut along the
neck. Usually, the finger does not press
the string („Saite“) all the way down to
the fretboard („Griffbrett“).
„Bund“ = Fret.

The open string is supported at bridge and at nut. The distance between the latter two, the
scale, is 24” – 25.5” i.e. 61-65 cm. However, guitars with a longer scale (baritone guitar,
LONG NECK GUITAR) are also in use, as are short-scale guitars (3/4-guitar). Electric
guitars generally have 21-24 frets, not counting bridge and nut. The length of the fretted neck
(i.e. the length of the fretboard) amounts to approximately ¾ of the scale. In some guitars, the
strings do not run directly from fretboard to nut but pass over a zero fret. In that case the
string is always in contact with the same material, regardless of whether it is played open or
fretted. The resulting higher friction has noticeable disadvantages, though: for easy tuning,
the string should be able to longitudinally move over the nut or the zero fret with as little
friction as possible. With too much friction, undesirable hysteresis may be the result.
The difference between simple theory and reality can be found in the distance between frets.
To simplify the calculation, the string and its supports are assumed to be ideal. The guitar is
tuned in equal temperament, with the semi-tone intervals being uniformly approximately 6%.
Semi-tone interval

Already the choice of this approach will invite and define fundamental deviations from just
intonation, amounting e.g. to -0.9% for the minor third, and +0.8% for the major third. Just
intonation is not the preferred ideal (Chapter 8.1): (equally) tempered tuning is the standard
used today. The reciprocity between string length and fundamental frequency results in a
geometric progression for the distances between frets. If the distance between the nut and the
first fret amounts to ∆B, then the distance between the nth fret and (n+1)-th fret is ΔB / IHn.
The distance between frets thus diminishes from nut towards bridge, while at the same time
the neck width (and thus the length of the frets) increases (Fig. 7.4).
♣

Sometimes the area between two fret wires is referred to as “fret”, as well.
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Fig. 7.4: Fretted neck (22 frets) with strings and bridge. E2= low E string (at the thumb), E4 = high E string. The
octave relative to the open string is fretted at the 12th fret – at the mid-point of the string. The full length of the
strings across the nut on the headstock is not shown. (“Sattel” = nut, “Steg” = bridge)

The above calculation does not take into account that the string tension is increased when the
string is pressed down; this results in a further change in the pitch. For instance, if a string is
fingered at the 12th fret, its fundamental frequency should actually be doubled. However,
pressing down on the string causes a minimal lengthening of the string, causing a further
increase in the frequency. The fact that the frequency of the lengthened string is higher rather
than lower is due to the tension change that is dominant here (compared to the change in
length).
In the following calculations, it is important to distinguish between the string length L and the
change in length ∆L. The change in length ∆L is designated the strain ξ. A string that has the
length L in its unfretted state (scale + residual lengths♣ to the tailpiece and to the tuners) is
stretched by the tension Ψ to the new length of L+ξ. The more the string is stretched, the
higher the fundamental frequency ƒG (given a fixed scale M).
Strain ξ

is the mean density (see annex), E is Young’s modulus, κ is the ratio of core diameter to
outer diameter for wound strings (for solid strings, κ = 1) . With the latter, the E-modulus of
the core should be used; κ is between 0.3 and 0.6. The E4 string must be stretched by 5.3 mm
(standard tuning, L= 77 cm), die E2 string by 1.7 mm (κ = 0.42). We observe that the strain
depends on the square of the fundamental frequency fG, and that the fundamental frequency is
proportional to the square root of the strain. The formula for the relative changes is derived
from the differential quotient of the curve.
Relative change in frequency

The relative change in frequency is half the relative change in strain. Note: This is not about
the relative changes in length! If, for example, a string fretted at the 12th fret is extended by
0.02 mm, its length changes by 0.026‰, but this is not what is meant here. The strain
changes by 3.8‰ (E4), or by 11.8‰ (E2) – it is this difference that causes problems. Even if
the E2- and E4-strings are pressed down an equal distance towards the fretboard, the E2-string
goes out of tune by a much greater amount. In practice, however, the E2- string is given an
even greater distance to the fretboard (2 – 3 mm inside width at the 12th fret) than the E4string (1 – 1.5 mm). The frequency-increase for the E4-string therefore is negligible in
practical terms, while for the E2-string it is quite large: 0,5⋅11.8‰, corresponding to 10 cent.

♣

Here, the friction that occurs in the nut and bridge needs be considered. Given high friction, L = M applies.
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To correct this frequency error, it would be possible to mount the frets in a slanted fashion,
but except for a few exotic constructions, this is not done. Rather, the bridge is positioned
with a slight slant such that the bearing (bridge saddle) of the E4-string is exactly at double the
distance from the nut compared to the 12th fret, but the bearing for the E2-sring is moved back
a few millimeters (= longer string). The exact amount necessary for this correction depends
on the strings, the bearings, and the string action (inner distance of string to fret). For nylonstring guitars, almost no correction is required due to the smaller Young’s modulus. In steelstring acoustics we often find around 3 mm (E2); a slant of up to 6 mm (E2) may be necessary
for typical electric guitars.
As shown above, this shift of the bridge does not only depend on the fundamental frequency
but also on the type of string winding. The E2-, A- and D-strings are of the wound type while
the B- und E4-Saite are plain; the G-string may or may not be wound. The individual string
data require a string-specific shift in the bridge. Therefore, many electric guitars feature a
bridge with individual bridge saddles that are adjustable via small screws. After the guitar is
restrung, the natural harmonic of the respective string is played (by very lightly touching the
string – as it is being picked – exactly at its half-way point), and the bridge saddle is adjusted
such that fretting the string at the 12th fret generates the same pitch as that harmonic. In some
cases, two adjacent strings share a common bridge saddle – requiring a compromise in terms
of the intonation.
A special example will show the influence of the overall length of the string: on some
guitars, the string runs a considerable additional length on the other side of the nut and bridge
– up to 25 cm in extreme cases. Conversely, on guitars with a string-clamping system, freely
moveable string length and scale are practically identical. If all other parameters are kept the
same, the string-strains differ by a factor of 88/63 = 1.4 between these two conditions.
However, the (absolute) change in strain due to pressing the string to the fretboard depends
solely on the scale and on the inner distance between (open) string and fret, and not on the
overall length. This means that the longer the string is run outside of nut and bridge, the
smaller is the detuning due to fretting♣. In the example, the relative change in strain (and thus
the detuning) is a factor of 1.4 in the clamped string compared to the unclamped string. This
needs to be considered if a guitar is to be retrofitted with a clamping system.

Fig. 7.5: Relative detuning due to pressing the string to the fret. Scale: M = 0.625m; L = 0.72m.
String-to-fret distance (1. fret / 12. fret) = 0.3 / 1,5mm (E4); 0.4 / 2.0mm (E2); 0,5 / 2,5mm (E2).
Left: core-/outer diameter = κ = 0.38. Right: κ = 0.42. Position of bridge not compensated.
“Bundnummer” = number of fret.

If the string were tensioned via a weight, the tensile force would not change at all when pressing down the
string; the detuning would be negligible (merely a minimum change in length).
♣
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By slanting the bridge, the problems mentioned above can be taken care of – such that the
octave (12th fret) can be played fully in tune. That does not imply, however, that all other frets
offer correct intonation. Fig. 7.5 shows the relative detuning occurring as the string is fretted
– at first without slanted bridge position. The distance of string to fret (the “action”) was
assumed to grow linearly between the 1st and the 12th fret; for the low E-string, two different
cases are calculated. In the left-hand graph, the ratio between core diameter and outer
diameter equals κ = 0.38, on the right it amounts to 0.42. A smaller core diameter results in
smaller detuning but also increases the danger of string-breakage.
For the left-hand section of Fig. 7.6, the bridge received a slant. The change for the E4-string
is very small (0.5mm); for the two E2-cases, 2.5 and 3.9 mm are necessary, respectively. This
already offers a decent solution. A detuning of 1 cent does not really require correction,
anyway. Shifting not only the bridge but also the nut (in the direction towards the bridge), a
further improvement is possible (right-hand graph), although a precision of 0.1 cent
(0.0006%) is merely of theoretical interest. Basis for the calculation was that the string runs in
a straight line from the nut to the tip of the fret, and continues to the bridge from there. Since
the finger fretting the string during play does not actually provide an ideal line-contact but
presses down the string behind♣ behind the fret, an additional strain of the string results and
the required shift of the bridge increases.

Fig. 7.6: Data as in Fig. 7.5 but κ = 0.42 (unchanged). In the graph on the left, only the bridge is shifted; on the
right-hand graph additionally also the nut. For the E4-string, the calculated shift of the bridge by 0.05 mm is not
relevant, for the E2-string, 0.3 and 0.5 mm, respectively, are calculated (line-contact at the tip of the fret only).
“Bundnummer” = number of fret.

In summary, we find the following rule for guitar construction: first, the theoretical scale M
is set, e.g. at 625 mm. Then the calculation of the distance between nut (or zero fret) and the
1st fret results in
= M / 17.817. We obtain the distance between the n-th and the
n+1-th fret by dividing the distance between n-th fret and bridge saddle by 17.817.
Alternative: the n-th fret is at a distance of
from the bridge. As a next step, the
nut is slightly slanted: its position remains unchanged for the E4-string, while at the E2-string
it is shifted in the direction of the bridge by about 1 mm. Now the bridge saddle is shifted
such that we can play the exact octave at the 12th fret. Given these adjustments, every string
should now be tuned with equal temperament. An additional check using a measurement
device, or our hearing, is advised – possibly small modifications are necessary.

♣

"behind" means: in the direction of the headstock.
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Fig. 7.7a: Deviation of the measured position of a fret from the theoretical position. The dashed limit lines show
pitch deviations of ± 1 cent. Measurement tolerance: ± 0.05mm. “Bund-Nummer” = number of fret.
Translated by Tilmann Zwicker
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Relative to the exact equal-temperament tuning (i.e.
HT = 1.05946, k = 17.817), both Gibson guitars
deviate significantly from nominal value in the
higher positions. With the (inaccurate) rule-of-18,
however, (column on the right), the tolerances are
o.k. Could it be that Gibson would still use outdated
rules for manufacture even in the year 2004?
Epiphone, Gibson’s budget line produced in Asia, on
the other hand, shows much higher precision.

Fig. 7.7b: Deviation of the measured position of a fret from the theoretical position. The dashed limit lines show
pitch deviations of ± 1 cent. Measurement tolerance: ± 0.05mm. “Bund-Nummer” = number of fret.

Fig. 7.7 depicts the measured fret positions for a number of guitars. Since frets are roundedoff metal wires and do not provide sharp delimitations, the exact position is only available in
approximation, with a measurement tolerance of about ± 0,05 mm. We can see exemplary
precision for Taylor and Martin; for the other guitars the deviations are larger but still
acceptable. Only Gibson shows to be the odd one out. Interesting in the two Fender guitars:
Japanese “budget” production by no means shows worse results compared to fabrication in
the US – rather, the contrary is the case. For all graphs, scale and position of the nut were set
for an optimal curve. This is because the actual effective position of the string bearing is
difficult to determine (rounding off of notches, bending stiffness of the strings).
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7.2.2 Fret materials
The material most often used for frets is German silver (nickel silver, white copper, argentan,
alpakka§). The precious metal silver is not contained in this material, though – or only in
traces. German silver is an umbrella term for copper/nickel/zinc-alloys that could also be
termed “highly nickel-alloyed special-brass”. The pure copper-zinc alloy is called brass; it is
used as material for frets, as well, albeit rarely. By itself, copper is of a reddish color, adding
zinc results in yellowish hue, and nickel moves the coloring towards the greenish and on into
the silver-white area – thus the name nickel-silver. The addition of nickel and zinc
particularly adds to the hardness – that should be high anyway because the contact to the steel
strings wears down the frets during play. Also, nickel makes the fret more resilient against
tarnish and corrosion. The high nickel content of >30% required for the silver-white color is
not found in guitar frets, though: customary is a nickel additive of 12% (acoustic classical
guitar), or 18 % (electric guitar). More recently, steel has also become popular as a material
used for frets. No problems or issues have been reported – steel seems to be well suited for
this application.
Due to the direct contact to the strings, the frets have a sound-determining function, and thus
we do find a wide range of materials and shapes. Besides German silver, bell brass should be
mentioned – another copper alloy, but with tin as additive rather than zinc. The silver-white
bell brass contains about 77 – 80% copper with the rest being constituted by tin. Relative to
German silver, bell brass tends to corrode more easily but this rarely poses a problem. Despite
the fact that tin is a soft metal, Cu/Sn-alloys reach a similar hardness as German silver.
The dimensions of the frets visible to the guitarist are width and height of the tip of the fret.
Small frets (often found on vintage guitars) have a width of between 1 mm and 1.7 mm, and a
height of 0.6 mm and 0.8 mm. Medium size would be B = 1 – 2.6 mm, and H = 0.7 – 1.1 mm,
while large (jumbo-) frets would measure B = 2.6 – 3 mm, and H = 0,9 – 1,5 mm.
The nut is fabricated from bone, or from a special low-friction plastic, or in some cases from
metal. There is no limit to the imagination of the manufacturers when coming up with
designations: Vintage Bone, Bonoid, Ebonol, Graphite, Graph Tech, TUSQ, to name but a
few. Much attention is paid to the low-friction aspect because the strings need to slip through
the nut free of any hysteresis while they are tuned or bent. Static friction prohibits this slip to
some degree and creates a zone of lacking discrimination. Roller-nuts promise a particularly
low friction; however, they are wider than regular nuts and not necessarily easy to install. The
string should find a firm but still almost frictionless bearing in the notch (or groove) of the
nut. Well suited are v-shaped nut-notches that offer a small seating towards the headstock and
end abruptly towards the side of the fretboard. Shape and depth of the groove of the nut are
carved into a blank nut-piece using a nut-file. Also worth mentioning is the clamping nut that
however requires fine tuners at the other end of the string.
Frets and nut are rounded off at their sides so as not to hurt the hands and fingers of the
guitarist – a fact that is less relevant to guitar-physics but more to accident-prevention
regulations, practices of law, and pathology. Still, a connection to physics may be made: the
dimensions of wood are humidity-dependent while the dimensions of fret-material are not (i.e.
not fretted by it …). If in winter you suddenly feel the ends of the frets on your guitar: file
them off, or see to a higher humidity of the air!

§

inconsistent spelling. N.B.: Alpaka = Lama.
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7.2.3 The Buzz-Feiten-system
In his US-patent no. 6642442 (uspto.gov), Howard B. Feiten describes a system for a
tempered tuning of fretted musical instruments. Supposedly, an extraordinarily pleasing
intonation is achieved by applying small deviations from the traditional tuning. "One very
important aspect of acoustic guitars that has been overlooked is proper intonation" – i.e.
according to Mr. Feiten, luthiers have – until the year 2002 – studiously overlooked that
guitars indeed need to be correctly tuned. Without a doubt, old-world luthiers will beg to
differ, insisting that correct tuning was an objective since long before building guitars became
fashionable west of the Canary Islands. Anyway, not every guitarist is always happy with the
result of his strive for balanced tuning. Enter Howard “Buzz” Feiten.
In the description of his patent, Mr. Feiten explains that guitars have their frets positioned
according to the Pythagorean Scale. One is tempted to object with a “well in that case …”
and to add – depending on ones disposition – a sarcastic “yeah, maybe the axes made
stateside”; but let’s hold our horses for a minute. To begin with, and in order to avoid
misunderstandings, the term “Pythagorean” is explained: "The Pythagorean Scale is based
upon the fourth, the fifth, and the octave interval ratios." Without a doubt: that’s Pythagorean.
However, what’s that got to do with the guitar? In Europe, especially in Old Europe♣, tuning
is accomplished since the 1700’s using equal temperament, not Pythagorean. But let us allow
Mr. F. to continue his explanation: "To determine fret positions, guitar builders use a mathematical formula based on the work of Pythagoras, called the rule of 18 (the number used is
actually 17.817). This is the distance from the nut to the first fret." May the present work be
charmed against that many errors in a single paragraph – that’s what one instinctively thinks
as the author of the book you are reading … Anyway: the rule of 18 generates a geometric
sequence for fret positions: equal temperament; but he latter does not trace back to Pythagoras
whose intonation is based on fifths, fourths and octaves, as Mr. F. elucidates himself. What
Mr. F. seeks to express with “this is the distance” remains shrouded in Greek history, too. The
subsequent explanations in the patent (not cited here) then do reasonably and correctly clarify
what the rule of 18 purports. Let’s note: H. B. F. sees the reason for the inadequate precision
of tuning in the use of the Pythagorean (fifths-) tuning as it is contained in the rule of 18. That
is incorrect but apparently did not phase the patent examiner (the one at the US Patent Office).
To cite Mr. F. some more: "Prior to the mid 1600's, pianos had evolved from a 'just'
intonation to 'equal temperment'; i.e., tuning the instrument so that all the notes were
mathematically equidistant from each other. … It was only partially successful and resulted in
the entire keyboard sounding slightly out of tune, especially in the upper and lower registers.
In the mid-1600's, an enormous breakthrough occurred in piano technology. The 'well
tempered' keyboard was conceived." Let us ask J. M. Barbour to comment about just
intonation: "There is no such thing as just intonation, but rather many different just
intonations; of these, the best is that which comes closest to the Pythagorean tuning". So
indeed: in the Middle Ages there was need for action, and "equal temperament", i.e. an
intonation causing equal beats within the scale and allowing for modulations across the whole
circle of fifths was considerable progress. However, "equal temperament" must not be
confused with the "well tempered intonation" proposed by H. B. Feiten! The latter in fact
distinguishes between "equal temperament" and "well tempered". "Well tempered" is a
specially modified tuning derived from the uniformly-beating equal temperament.
The ethnologist Donald Rumsfeld specified this term (otherwise to be understood more as a geographic
distinction) via his subjective, differential diagnostic observations that were complemented by the philosopher
Joschka Fischer by an evaluation of the origin of European and US-American culture (translator’s note: you
better read this observing a STRONG twinkle in the author’s eye …)
♣
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Mr. F. continues: "the universally accepted method for intonating guitars represents a form of
"equal temperment" … a method that was abandoned in the 1600's by piano tuners". Hold it,
Buzz, didn’t you say a moment ago that guitars are tuned pythagoreically? "Based upon the
fourth, the fifth, and the octave interval ratios." Ye gods and little fishes! Hopefully we all
still know after reading the patent how in the end any tuning and intonation is achieved. At
this point, why don’t we digress a little into contemporary literature, to show what kind of
wide appeal a topical – if error-prone – patent can have:
Musik Produktiv, one of the giants in German music commerce, state regarding the matter:
with this modification of the scale, Buzz Feiten achieves a “well-tempered” tuning for the
guitar. Um … the term “well-tempered” is a bit misleading here because Mr. Feiten expressly
seeks to avoid this piano-tuning. Musik Produktiv continue: a piano tuner explained to Buzz
Feiten that an electronic tuner cannot generate a well-tempered tuning. We may disregard the
nitpicky rationale that – as a measuring instrument – an electronic tuner can never by itself
generate a tuning, but we cannot help recognize another considerable discrepancy: the piano
tuner sought to achieve a stretched tuning (according to the Railsback curve). That is – at least
according to conventional terminology – something rather different than a well-tempered
tuning that is directly connected to Bach/Werckmeister (supposedly equally beating).
Musik-Thomann, the huge mail-order shop, writes: For calculating the scale and adjusting
the intonation, people relied on old, traditional formula. These heirlooms were based on a
method that piano tuners developed already in the 16th century: the equal-temperament
tuning. The commonly used formula to position the frets had already been developed by
Pythagoras. There is, however, an error due to the stiffness of the string that generates too
strong a disturbance. In this comment in its German language form, “equal temperment” has
been translated into the German expression for “equal temperament” – not as intended, but
with some good will we can arrive at the intended interpretation. Again, Pythagoras is brought
in. And finally: All over the world, more and more guitarists have their darlings modified by
authorized retrofitters. Right, a lot of offers are said to exist across the Internet. Guitar players
may need that kind of thing. Cave inflammtio!
Here’s what Proguitar (not yet a giant) contributes: The formula for positioning the frets was
already developed by Pythagoras. Mr. P. must have been a very early fan of the Strat.
Maybe we can clarify this jumble a bit: Pythagoras is readily cited with his insight that given
constant string tension, frequency and length of the string are reciprocal (monochord = single
string instrument). Still: already before Pythagoras, the Egyptians, Sumerians, Chinese,
Indians, and presumably many other peoples in the ancient world knew about physical and
mathematical interrelations. However, the Pythagorean school had the greater impact onto
Western civilization, and in particular it left written documents early on (Euklid, Didymos,
Ptolemäus, and many more). This Pythagorean school spawned a tonal system based on fifths
and octaves that to this day is designated the Pythagorean tonal system (Chapter 8.1). It is
applied, in its pure form, by the canons regular up to the 16th century, and in a modified form
by the harmonists [Simbriger/Zehelein, Barbour]. When, from the 16th century, keys with
more and more chromatic signs appeared, the subjectively perceived dissonances of the
Pythagorean system were increasingly felt (or rather heard). Two improvements were devised
as a remedy:
1. Increasing of the number of steps within an octave, and
2. Tempering, i.e. the fine-tuning of individual notes.
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The temperament may feature equal or different beating between notes. Simbringer/Zehelein
date the first introduction of temperament back to 1482: Bartolomeo de Ramis demands that
the difference between the third (5:4 = 1,2500) and the fifth no. 4 (81:64 = 1,2656) be
balanced out by temperament. Barbour assumes the date to be 1496, and lists 17 different
temperaments, designating them “meantone temperament” and “comma temperament”.
Around 1533, Lanfranco lays the foundation for the equal-beating intonation (equal
temperament), and subsequently Vincenzo Galilei and Marine Mersenne (1636) concern
themselves with the question how to calculate the 12th-order-root of 2 (or an approximation as
precise as possible, at least), without having a pocket calculator at hand. Then, the works of
Neidhardt and Werckmeister – carried out around 1700 – become very popular. Almost 200
years later, Alexander Ellis reports that even “the best British piano tuners” could not produce
an acceptable tuning with equal beating, and in 1948 and 1943, Railsback and Schuck/Young
publish in the Journal of the Acoustical Society of America (JASA) the stretched intonation
found in pianos: high notes are tuned slightly sharp, and low notes slightly flat.
At this point, the Feiten-patent picks up: "In the mid-1600's, an enormous breakthrough
occurred in piano technology. The 'well tempered' keyboard was conceived, and with it a new
standard for piano keyboard intonation which we still use today." In the mid-1600's, i.e. in the
17th century, Mersenne & Co. were working on that root-calculation and developed the equal
temperament. Does therefore, in Mr. F.’s book, equal temperament mean “well tempered”?
No, that can’t be because he has (correctly) termed the equal temperament with “equal
tempered". But why would he (with the apparent support of the patent examiner) then write:
"The inventors believe that the reason that guitars still sound out of tune, in spite of 'perfect'
intonation, is that the universally accepted method for intonating guitars represents a form of
'equal temperment' … a method that was abandoned in the 1600's by piano tuners!"? Quite
enigmatic, these Americans! The patent continues: "When a piano tuner intonates a piano, he
uses one string as his 'reference' note, typically, A-440 (or Middle "C"). He then 'stretches'
the intonation of the octaves, plus or minus a very small amount of pitch. These units are
called cents". Ah – here’s the crux of the Buzz-ing matter. Even without further historic ado
(already the ancient Greeks …) we could formulate the idea behind the patent application as
follows: similarly to pianos, guitars should be tuned using a stretched intonation.
That justifies a quick look into JASA: Schuck/Young cite in their publication (JASA 1943)
the stretched intonation found by Railsback. Below E2 and above approximately E6, a
considerable effect is indeed recognizable, with the piano tuning deviating by up to as much
as 30 cent. That is not a wonder: the investigated pianoforte will be challenged to conjure a
whopping bass of 25,6 Hz out of a mere approx. 1 m string-length, and at the top there’s
about 4 kHz tickling out of some tiny 5 cm string-length – in this scenario, dispersion-induced
inharmonicity will definitely play a role. In the guitar … how shall we put this without being
transatlantic-ally un-accommodating … well: it’s not directly possible to coax 27.5 Hz out of
your regularly tuned guitar, and 4.2 kHz on an open string is more of an un-feasible wish, to
put it mildly. That’s not even considering that in the piano, for the medium pitch range, the
different frequencies come from strings of almost equal in gauge but of different lengths,
while on the guitar we have strings of the same length but differing thickness. Schuck/Young
explicitly say: "The sharpening is least in the two octaves below middle C". “Sharpening”
relates to the partials and can be taken to be synonymous with “stretching”. Middle C is on
the E4-string at the 8th fret. The string-pitches of the guitar therefore fall exactly into the range
where the effect is minimal on the piano. Nevertheless: 2 cent per octave may occur according
to Schuck/Young and Railsback, i.e. about 0,12%. For the piano, that is – with its E4-string
being about 1 mm thick. That is about 4 times the thickness of the corresponding guitar
string! And thus on the piano the build of the partials includes much more inharmonicity.
© M. Zollner & T. Zwicker 2019
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Nevertheless, there must be something to this patent by Mr. Feiten. Doesn’t Californian
guitar-god Larry Carlton say about the Feiten-tuning: “I’ve been playing the guitar since I
was six years old, and finally it is in tune.” One could of course find a number of reasons for
this♣. How about: Larry C.’s nickname is Mr. 335 due to his penchant for Gibson’s thin-line
guitars. If, on the necks of his noble vintage pieces, the frets were placed as inaccurately as on
all Gibson necks this author checked, then reworking of the necks might indeed have made
for audible added value. Whether the application of the Buzz-Feiten-offsets alone really
involves significant advantages … every guitarist needs to find that out for him/herself. Here
are the Feiten-tuning-offsets proposed for electric guitars, to be adjusted after the nut- and
bridge repositioning has been done:
E:
H:
G:
D:
A:
E:

0
+1
–2
–2
–2
–2

/
/
/
/
/
/

0
0
1
1
0
0

0
0
0
0
0
–1

/
/
/
/
/
/

0
–1
+1
+1
+1
0

Patent USA-6642442 (Feiten), uspto.gov:
Tuning-offset in cents relative the equal-temperament intonation. The first
number holds for the open string, the second number is for the octave fretted
at the 12th fret. Column on the left to be applied to electric guitars; the
column on the right is for acoustic guitars.

In terms of the tuning offset, the Feiten-patent only distinguishes between electric guitar, steel
string acoustic, and nylon string acoustic. It ignores the fact that, in wound stings, the ratio of
core- to winding-diameter influences the inharmonicity of the partials. On the other hand,
rather extreme precision is required, as the table for the acoustic guitar shows. The high Estring is to be tuned exactly to the (pure) octave for the 12th fret: for all other strings, the
octave is detuned by 1 cent. Just as a side-remark: if a string is heated up by a mere 1° C, the
string frequency diminishes (for unchanged mounting) by 9 cent. Therefore, the string may
change its temperature by no more than 0.1 °C in order to maintain the Feiten-tuning! That
fearful sport, father attempt not too oft! [Schiller]. And from the same author and the same
poem (“The Diver”): Let not man to tempt the immortals e'er try, Let him never desire the
thing to see, That with terror and night they veil graciously. And since there is still some
room here: the unforgotten K.-H. Hansen tells us: Easily does the lad talk big about the mil –
he will be an old man by the time he achieves the hundredth part.
In conclusion of this chapter a bit of an anecdote: a much-lauded Californian guitar god (we
shall omit the name … for legal reasons) visits Germany to play a concert. Just before the gig,
he takes his el-cheapo♥ six-string to the local shop for a quickie-bridge-adjustment. The latter,
however, runs into a substantial snag because the bridge is attached so firmly with doublesided adhesive that to forcedly move the thing is deemed dangerous and inviting real damage.
The guys in the shop don’t dare to do anything, cause let not man to tempt the immortals e'er
try (see above), especially with the gig looming that same night: with that god visiting Old
Europe once every blue moon, you don’t want to botch up his guitar – here in Germany, of all
places. So: bring back the guitar unrepaired. That evening: the god plays god-like, in spite of
the “displaced” bridge. Or was it because of the resulting special intonation? Who knows how
exactly a god ticks?

Larry C. is not really a spring chicken anymore; it’s been a while since he passed the age of 6.
On impulse, also the thought pops up: what further heights might Jimi H. have climbed, had he in time ...
♥
The real (precious) stuff will probably and preferably stay safely at home in CA ...
♣
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7.3 Geometry of Strings and Neck of the Guitar
At its bearings (nut and bridge), the string receives a directional bend of 4° – 30°. This bend
angle ensures of the required bearing forces but also contributes undesirable frictional forces.
Moreover, fretting the string results in a further bend angle at a point where tension forces and
playing forces interact. The following two chapters will describe the geometry of these bends
– Chapter 7.4 will then look into the corresponding forces acting on the string.
7.3.1 Angle of headstock and neck
For most electric guitars, the upper surface of the fretboard does not run in parallel with the
upper surface of the guitar body. Rather, the neck is very slightly angled towards the rear.
This way, the point where the string runs across the bridge moves somewhat away from the
guitar, helping to increase the bend angle of the strings across the bridge, and thus to increase
the bearing forces at the bridge. Typically, the neck angle is 0° - 7°. With a set neck, the angle
is fixed; for a bolt-on neck, the angle can be adjusted using screws and/or shims, or by
removing wood from the neck-joint section.

Fig. 7.8: Bend angles of headstock, neck and strings. On the left, the angles between headstock and guitar neck,
and between neck and guitar body are 0°; on the right, the angles are 10° and 5°, respectively. (Customarily, the
sharp angle, e.g. 10° is given, rather than 170°). On the right, the bend angle of the strings is greater, resulting in
a higher bearing force at the nut and bridge, respectively.

The adjustability of neck angle, neck curvature (truss rod) and bridge height (Fig. 7.8)
provides for the possibility to accommodate the playing action as desired by the guitarist.
More extensive adjustments involve the height of the frets but taking these steps remains with
the specialist. With regard to the playing action: whether changing the neck angle or the
bridge height makes no difference – but pickup-to-string distances, and the bend angle at the
bridge are affected. If, when playing the strings on the upper frets (around the 12th fret and
higher) strong string-rattle occurs, either the bridge needs to be raised, or the neck needs to be
angled towards the front. In case the action is now too high at the lower frets, the truss-rod
may be (carefully!) tightened. The manufacturers recommend a slightly concave curvature of
the fretboard (between nut and bridge). Every guitarist needs to find his or her own optimum
setup. Those who prefer a low action for solos may adjust the neck to be completely straight
… convex curvature, however, is to be avoided. More of a concave curvature will be
preferable to those mainly playing chords on the lower frets. Still, the necessary adjustments
will be a matter of a few tenths of a millimeter.
Again, a warning: the truss-rod may break if tightened too much – to replace it, the glued-on
fretboard will probably have to be removed, or the neck will have to be replaced (if bolt-on).
Therefore, beware of overly enthusiastic “home-improvers”, and too zealous “sales experts”!
The effect of the neck angle on the sound is and remains a mystery: in the book “The Gibson”
[13], the neck angle of the 1952 Les Paul is specified with 1°. Over the following years there
are several changes; the reissue towards the end of the 1960s sports a 7°-angle. The 1952
original is attested "very good sustain", the 1953 Les Paul (with 3° neck angle) still receives a
"good sustain" verdict.
© M. Zollner & T. Zwicker 2019
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When in 1960 the neck angle increases to 5°, "less sustain" is noticed. The book continues:
"in the 1970s it was increased to 7°. A lot of players at that time complained that the guitar
sound became harsh and had less sustain compared to the older models. The reason was of
course the much steeper angle of the neck". Of course? The book gives conjectures without
any reasoning. In the 5-page Les-Paul-historiography, so many changes in the details are
listed that we could surmise that only the number of strings and the name of the guitar were
left alone. Subject to change were: frets, materials of body and neck, neck cross-section,
number of parts the body and the neck is – respectively – made from, the bridge design (at
least seven variants!), the pickups … the neck angle was merely one of many details. In the
absence of exact data, pure assumptions as those given above are eagerly seized and spread
like wildfire in the guitar-world. “Mystery of the old Les Pauls (by now selling for 6-figure
numbers) unraveled: it’s all in the neck angle!”
Let us give two experts a change to speak: "The first Gibson Gold-Tops had a very shallow
neck angle… This design made the sustain suffer. Around 1953, the angle was increased … it
made for improved sustain." So much for Bacon and Day’s comments in the Les-Paul-Book.
Jun Takano writes quite differently in The Gibson: "The angle of the neck joint was 1° when
the Les Paul Model was introduced. The sustain of the guitar was very good because of the
shallow angle of the neck. In 1953, when the bridge was changed to a stud type, the angle of
the neck joint was altered to 3°. However, sustain was still good, because the neck angle remained shallow." While Bacon/Day assume that the sustain improves with increasing neck
angle, Takano surmises the exact opposite: "As the angle of the neck gets shallower, the string
tension♣ gets lower and sustain gets longer." The authors of both books do however also
report about a change of the bridge in 1953 – therefore there are, at least, two potential
reasons for a change in sustain (translator’s note: if indeed there really is such a change).
Changes in the neck-angle can have two effects: they can change the instrument geometry and
thus the instrument’s Eigen-vibrations (“natural” vibrations at natural frequencies – or Eigenfrequencies – of the instrument), and they can change the bend-angle of the strings at the
bridge. That angle depends on two sections of the string, though! When in 1954, due to the
introduction of the Tune-O-Matic bridge, another change in the bridge happened, the bend
angle at the bridge became variable, and now was not at the neck angle’s mercy anymore.
Because we do not want to rip the neck from a 1954 Les Paul only to glue it back at a
different angle, we only have this – rather poor – lesson: there are many speculations about
the effect of the neck angle on the sound; we should refrain from adding yet another one.
Rather, we can again recall specialist literature:
"The sound is particularly wonderful if the neck angle is 3.5°. One could say that at 3.5°, the
tone sings; at 4° there is a fatter bass – but it won’t sing as well.” That’s luthier Thomas
Kortmann speaking, at Gitarrist.net. Wouldn’t it have been wonderful to know what the
sound at 3.6° is? "The sound of an electric guitar is predominantly determined by the bend
angle of the strings.” E-Gitarren, page 89. That will make all those happy who own
substandard pickups. "We often find reports about Gibson having increased the neck-angle
when the new McCarty-bridge was introduced. That is a myth and not true. A Les Paul
sporting a stud features the same neck angle as an earlier version with trapeze. Only in 1955
the neck-angle was substantially increased… and even better sustain resulted."
Gitarre&Bass, Gibson special edition, 2002, page 15. Whether that result was due to the neck
angle, or due to other factors introduced at the time is not specified.
This speculation about the string tension certainly will not find any scientific basis: given the same string, the
pitch depends solely on the string tension - the latter therefore remains unchanged with constant pitch.
♣
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7.3.2 String tree
The strings of a guitar rest on two small ridges: the nut and the bridge. In order to obtain a
force-fit without slack, the string needs to experience a change in direction. The
corresponding bend angle is specific to the guitar and varies between 5° and 15°. For
achieving the bend at the upper string end, the classical method has the headstock angled back
relatively strongly towards the rear. In a Martin D-45, for example, the resulting bend angle is
15°. Gibson’s electrics reach this value, too – or even exceed it. With Fender, the situation is
different. Always frugal with the available materials, Leo Fender does not waste any wood
and refrains from angling the headstock backwards. The result is a very small bend angle of
the strings (Fig. 7.9), and string buzz occurs when playing open strings. Remedy is found in
the form of hook-like string guides that deflect in particular the B-and E4-strings, pulling them
towards the headstock

Fig.7.9: Side view of the headstock of a Stratocaster. Without string tree, the bend angle of the E4-string
amounts to only 2°; with string tree, it increases to 6° (dashed). For the E2-string (thin line), the bend angle is
sufficient without string tree.

String trees are offered in different shapes: as “butterfly” vintage original (a stamped strip of
sheet metal), as roller bearing (roller string tree), as washer, or a thin oblique pin. They do
increase the bend angle at the nut – but also generate an additional frictional force in terms of
any longitudinal movement of the strings. This friction is considered undesirable. The wraparound angle at the string tree of a Fender guitar can amount to as much as 7° – generating a
frictional force that is even higher than that occurring at the nut. On the other hand, a Gibsontypical bend angle of the strings is, at e.g. 15°, more than twice that on the Fender-ish
competition – and yet in guitaristic circles, Gibsons are not actually known to be unplayable.
That does not mean that friction would generally be no problem at all: there are sharp-edged
string trees of the butterfly-type that wound strings more or less clamp themselves to. Let’s
not enter an expert discussion here why, in the first place, a wound string would have any
business interacting with a string tree on one of Leo’s guitars … anyway: corrective action is
easily possible via a delicate file or a practically invisible strip of Teflon. That aids the
mechanics and does not hurt the look. Oil, Vaseline or machine grease would be suitable to
reduce friction, as well.
Does a string tree change the sound? No, here we do not mean the targeted improvement via
the increase of the bearing force of the string at the nut – but would there be any additional,
possibly undesirable effects? Very theoretically, the Eigen-frequencies of the headstock could
retune themselves due to the additional mass of the string tree, but that has no practical
relevance. The same holds for the Eigen-frequencies of the strings running across the
headstock: plucking an open string and damping these remaining string sections with the
other hand will not cause any changes in the “electrical sound”… N.B.: the acoustical sound
of an electrical guitar is insignificant, anyway (Chapter 8).
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7.4 Dynamics of the Strings
With dynamic, what is meant here is not a contrast to static, but a reference to the forces
acting on the string. In Chapters 1 and 2, this topic was already addressed, albeit in a rather
theoretical fashion, and without connection to a specific string bearing. In Chapter 7.4.1 now
follows an analysis of the real playing situation: the fingers of the fretting hand need to exert a
playing force F on the string to press it downward or to “bend” it (push and pull the string
parallel to the frets). Since the string is deflected to the fret, two themes join up: the string
dynamic and the guitar geometry. In Chapter 7.4.2, the forces transmitted by the string to its
bearings (nut and bridge) are investigated both in static condition, and for the vibrating string.

7.4.1 Playing forces
When pressing down the strings, the fingers need to muster the force F that runs transversely
to the direction of the strings. If we assume, for example, that a string is to be deflected at the
12th fret transversely by a distance η, then the transverse force F required for this amounts to:
Ψ = tension force, M = scale

From the differential equation of the oscillation, the tension force Ψ results in:
A = overall diameter,

= mean density

From this, we can calculate the force necessary to fret the string when playing:
Force required to press down the string

The playing force is proportional to the scale length: electric guitars with a scale of 25,5"
(648 mm) require forces higher by 6,25% compared to guitars with a 24"-scale (610 mm).
The playing force is also proportional to the action of the guitar: if the distance between
string and fret is increased by 10%, the necessary playing force also rises by 10%. Moreover,
the playing force is proportional to the square of the string diameter: using a 10-mil-E-string
rather than a 9-mil-E-string increases the required playing force by 23%. The playing force is
of the same value for all strings if the string-diameter relates inversely to the fundamental
frequency. For wound strings, we need to consider that their effective density is smaller by
about 10% compared to the fully solid string (see appendix A1). Light strings require playing
forces between 0.5 and 1.5 N; for heavy strings, the playing forces are about double.
When executing string bending, the string is not only pressed against the fret but
simultaneously stretched in the transversal direction – this leads to a clearly noticeable pitch
increase. Applying a fast transversal movement creates a vibrato, slower movements result in
glissandi that often amount to a pitch-change by a whole step. Since the string-tension force
Ψ is proportional to the square of the frequency, a pitch increase by a whole step implies an
increase in the string-tension force by 26%. The tension force is proportional to the elongation
(strain) ξ that depends on the overall string length – i.e. also the (residual) sections of the
string that extend beyond the nut and the bridge (that is assuming there is only small friction
at the nut and at the bridge).
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From the strain ξ we can deduce the required transversal displacement η. The latter may be
recalculated into the required transversal tension force FZ:
Force for string-bending (12th fret, +1 whole step)

The “string-bending force” depends on the scale length with a power of three! Changing from
a 24”-guitar to a 25.5”-guitar increases the required pulling/pushing force by 20%. The
remaining residual string R (i.e. the part of the string behind the bridge and behind the nut)
enters the section of the equation below the square root as relative difference. On a Gretsch
‘Tennessean’, for example, the G-string extends by 16 cm from the zero-fret to the machine
head, and another 11 cm add themselves behind the bridge towards the Bigsby-vibrato. This
extends the 24.5”-scale (M = 62 cm) by R = 27 cm to an overall length of 89 cm – 44% more
than what would correspond to the actual scale length. The string-bending force rises by 20%
due to this setup. In the bending force, the ratio κ of core-diameter to overall diameter of the
string makes itself felt, as well; κ is 1 for solid strings, and 0.3 … 0.6 for wound stings.
If small string-bending forces are desired, the string should end as close as possible behind
nut and bridge. Since with the gauges as they are typically included in string-sets, the bending
force for the E4-string is about 50 – 60% higher than that for the B-string, a short remaining
string length would be particularly desirable for the E4-string. The Stratocaster (and most
other Fender guitars), however, feature an E4-string that is the longest of all … well, Leo was
not a guitar player (Translator’s note: also, in the early 1950’s, bending strings was only
starting to become fashionable). Those who would like to experiment can restring a left-hand
guitar to be played right handed – bending will be easier on it. Or, conversely, a right-hand
guitar may be restrung for left–hand use … oh – hi there, Jimi! A clamping nut (Floyd Rose,
Schaller, Steinberger) will also bring improvements.
Bending by a whole step at the 12th fret will typically require string-bending forces in the
range of 5 – 10 N for light strings. Since there is a square dependence on the string diameter,
heavier strings will easily demand (up to) double the bending forces, requiring quite strong
muscles in the hand and lower arms.
Easier on the muscles is changing the pitch via the vibrato arm (tremolo). The latter engages
at the spring-loaded tailpiece and ensures a comfortable lever-transmission for changing the
string tension and thus the pitch. In this construction, the tailpiece is not rigidly mounted to
the guitar body but remains moveable by via a rotatable shaft, or a knife-edge bearing. One to
five springs counteract the pull of the six strings. The effective spring stiffness related to
operating the vibrato results from the sum of the stiffnesses of strings and tailpiece-spring.
Soft springs are necessary if the vibrato arm is to be operated with little force. Such a setup,
however, will increase the forces required for pushing/pulling the strings. A simple thought
experiment may elucidate this: let us assume that the guitar is bolted down, and the string
tension is provided by a weight – e.g. 6 kg for the G-string. (a) Pulling that string will, despite
the exertion of force, not change the pitch since the force of the weight is not changed (given
that the bearings have no effect), after all. (b) If now all 6 strings receive their tension
combined from a single weight (e.g. 60 kg for a 009-string-set), the stiffness of the bearing of
the G-string is given by the sum of the stiffnesses of the remaining 5 strings. (c) If the tension
force is not generated by a weight but by a tension spring, we get, for the bearing stiffness of
the G-string, the sum from 5 times the stiffnesses of the strings plus that of the tension spring.
(d) If the tailpiece is fixed to the guitar body in a non-moveable fashion, the stiffness of the
string bearing is infinite. Only this latter case provides for easiest string bending.
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Case (a) is unusable for string bending: despite applying a bending force we do not get any
pitch change. The last case (d) is ideal: due to the immobile tailpiece, the whole of the string
bending force is used to change the tension force (via the force parallelogram). The practical
situation with a vibrato-tailpiece remains in between: the stiffer the vibrato-strings, the easier
the string bending gets. That’s why some guitar players opt for the stiffest of all variants, and
block the vibrato mechanism with a piece of wood.
Most vibrato-systems operate based on a simple principle: as the vibrato arm is pressed down,
the pitch is lowered, if it is pulled up, the pitch increases. As a rule, the different strings are
not equally de-tuned, and therefore the notes in a sounded chord will not remain relatively in
tune when using the vibrato arm.
In the Bigsby vibrato, the tailpiece (string retainer) is constituted by a metal cylinder around
which the strings are run. As the vibrato arm is pressed down, the cylinder rotates: all strings
are shortened by the corresponding (equal) distance. To obtain equal de-tuning for all strings,
not the absolute strain ξ, but the relative strain Δξ/ξ, would have to change by the same
amount. Since the elongations for correct tuning amounts to, for example, 1.2 mm (E2) and
4,8 mm (E4), respectively, an absolute constant change of the elongation will give 4 times the
detuning for the E2-string relative to the E4-string!
For the Stratocaster, the situation is mildly better: the bridge/tailpiece-contraption as a whole
tilts around a straight line, with this line – defined by 6 (or 2) set screws – located just ahead
of the string-anchoring points. Since the bearing point of the E2-string is set back (Chapter
7.2), the effect of the operation of the arm is a bit weaker for this string, and the relative
detuning is not as strong compared to the Bigsby vibrato. Not that much is gained, though:
instead of detuning the E2-string by a factor of 4 relative to the E4-string, the detuning is by a
factor of 3 in the Strat. If indeed depressing the vibrato arm was to detune all strings by the
same interval, an individual lever-transmission would be required for each string, and it
would need to depend on the string data (κ). Luthiers did apparently not see much of a need
for this, and neither did most guitarists.
As a typical example, we measured the force required on the vibrato arm of a Stratocaster to
change the pitch by a ¼-note (2.93%): E2: 2,9 N, A: 4,9 N, D: 5,2 N, G: 3,3 N, H: 3,9 N,
E4: 8,5 N; (009 string set, 3 vibrato springs installed). The guitar was fitted with all 6 strings
and the vibrato arm was depressed until a detuning of ¼-note was reached for the respective
string. A rough estimate shows that the main part of the spring stiffness results from the
strings; the vibrato only provides about 1/3rd; it is relatively soft. However, the guitar player
wishing for higher stiffness may increase the number of the vibrato springs up to 5 ... with
corresponding provisions and suitable space already provided by the manufacturer.
A vibrato system is detrimental to the tuning process: as one string is tuned to pitch and the
next string is tensioned, the spring-loaded tailpiece slackens, and the string already tuned up
will be out of tune. Tuning up all 6 strings thus becomes an iterative process. If a string breaks
during playing, the pitch of the remaining strings rises because the pull previously provided
by the (now) broken string is lost. Last not least, worse tuning stability should be noted: due
to unavoidable bearing friction, hysteresis appears. Depending on whether the vibrato arm is
let go from the push- or the pull-position, different tuning will result. Resulting frequency
deviations are inaudible only with high-grade vibrato systems. The sound may be influenced,
as well: the spring-loading of the mass of the tailpiece may lead to low-frequency resonances,
and spring vibrations may be transformed into electrical signals by magnetic pickups.
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7.4.2 Bearing forces at the nut
Unless fretted, the middle, freely vibrating section of the string is delimited by two
"supporting bars". The upper support bar (at the headstock) is called nut, while the lower one
is termed bridge (sometimes specified by constructional details such as roller bridge, bar
bridge, etc.). For the following considerations of the bearing forces, nut and bridge are not
actually distinguished, and for this reason both shall be called saddle here.
In classic guitar design, the string experiences a (sharp) bend at each saddle, changing
direction by the bend angle α (Fig. 7.10). Most electric guitars have adopted this bearingprinciple. The clamping nut would represent an alternative – but this will not be considered
here. The change in direction of the string leads to a spatial (vectorial) force-decomposition:
besides the tension-force Ψ of the string, there is also the saddle-force FS that rises as the
bend angle increases. For our first considerations, let’s assume that the string can slip across
the saddle without any friction: the tension forces on both sides of the saddle are therefore
equal in strength. The saddle force can be calculated from:
Saddle bearing-force

Given a tension force of 850 N (013 set of strings, all 6 strings tuned to pitch), and a bend
angle of 10°, a saddle force of 148 N results – corresponding to the weight of a mass of 15 kg.
Back in the day when guitars did not have electric pickups, the guitar top needed to be made
of vibration-happy wood as thin as possible – this in order to achieve a decent sound volume.
The bridge (-saddle) therefore could not absorb strong forces, and the bend angle thus had to
be small. For the above example, small bend angles involve a proportionality between bend
angle and saddle-force: halving α to 5° will halve the saddle-force, as well – to 74 N. A high
saddle-force is nevertheless desirable for the string to solidly lie on top of the saddle and not
start any secondary motions that would kill off vibration-energy. Guitars with thin tops
require a compromise between stability and sound: a large bend angle guarantees safe and
solid bearing, but the resulting strenuous loading of the top may lead to fracture. Solid-body
guitars do not have that problem; any bend angle is possible. However, for large bend angles,
friction effects increasingly need to be considered. If the tension-force changes on one side of
the saddle, the string slides length-wise across the saddle; in the case of considerable
frictional forces, the string may be out-of-tune. Specifying the bend angle of the strings
therefore is an important step in the design of a guitar.

Fig. 7.10: Force-decomposition at the saddle.
Ψ = tension-force of the string, FS = bearing-force.
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Fig. 7.11: Static and dynamic saddle-forces.
FT = tangential force, FN = normal force.
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At rest, two static forces act onto the string: the tension force and the saddle force. However,
as soon as the string is plucked, a dynamic♣ load is added. In the general case, the string
vibrates with a combination of a fretboard-parallel and a fretboard-normal vibration: the
normal force FN, with its direction perpendicular to fretboard and saddle, changes the bearing
force (Fig. 7.11). If the normal forces get larger than the saddle-force, the string lifts off the
saddle – it is imperative to avoid this. Undesirable string movements may however occur
already when the normal force is not quite as big as the saddle force: the fretboard-parallel
tangential force FT acts against the static friction force FR. As soon as FT becomes larger
than FR, lateral movement of the string is possible if the notches in the saddle are too wide. If
this movement happens, vibration energy is irreversibly transformed into caloric energy
(heat), and the duration of the string vibration is shortened. Additionally, interfering noise
may become audible.
As an example we can check out the B-string of a 010-string-set (13-mil). Its tension force Ψ
amounts to 70 N; for a bend angle of 10°, the bearing force at the saddle will be 12.3 N. Let
us further assume that, at a distance of 9 cm from the saddle, the string is moved away from
the fretboard using a perpendicular force that rises from 0 to 5 N. As this plucking force
increases, the saddle mounting force decreases at the same time by 4.3 N from 12.8 to 8 N
(Fig. 7.12). At the moment when the plucking force jumps back to zero, wave movements
start: given a dispersion-free model, the saddle force jumps back and forth between 8 and 13
N; if there is dispersion, additional oscillations occur (Chapter 1.3.1). In this example, we do
not see a negative bearing force, though: the flow of force is not interrupted. However, if we
recalculate using a bend angle of merely 4° (as it is the case for the Gretsch Tennessean), the
static bearing force is merely 4.9 N – now a 5-N-plucking-force will already lead to short
occurrences of lift-off of the string, resulting in a buzzing, less-than-clean sound.

Fig. 7.12: Time function (modeled) of the saddle bearing
force (“Sattel-Auflagekraft”). At t < 0, the string is pulled
away from the guitar; the saddle force thus decreases to 8 N.
At t = 0, the tension force jumps to 0; it takes 1/14 period
(9cm / 126 cm) until this change arrives at the saddle.

If the direction of the plucking force is not perpendicular but parallel to the fretboard, shifts of
the string to the side can occur. Given bearing at the rim of the saddle (Fig. 7.11), a tangential
movement starts as soon as the static friction force is surmounted. In the individual case, the
static friction coefficient depends on the specific pairing of materials – for a rough estimate
we may assume µ = 0,1 ... 0,5. Ideal would be a small friction along the direction of the
string, and a high friction in the perpendicular direction – but this only works if a groove is
employed. Choosing µ = 0,1 and a bearing force of 12.3 N (as we calculated it in the above
example), it shows that already a tangential force of merely 0.1 x 12.3 N = 1.2 N acting along
the rim of the saddle may push the string back and forth on the saddle. A precisely machined
V-shaped notch may prevent this back-and-forth sliding – however not every string bearing
acts as a V-shaped notch!

♣

“Dynamic” is used here in contrast to “static”, and not in the sense of “dynamis = force”.
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In the V-shaped bearing (Fig 7.13), the string rests in a defined fashion at two points. The
sideways sliding is prohibited that way, however the static friction in the direction of the
string is about double of what it would be using a rim bearing. The bearing in a threaded
groove – as it is found in old Fender guitars – may result in two different states depending on
whether the radius of the string is larger or smaller than the rounding-off of the groove of the
thread. A bearing within a slot either has a clamping effect or a clearance – there are no
special fits. A rounded-off bearing (fabricated using a round file) is similar to the bearing in a
wide threaded groove – for heavy strings, there may however be clamping effects, as well.

Fig. 7.13: String bearing: V-shape, threaded groove (w/light & heavy string), notch bearing, rounded bearing.

The ideal bearing should prohibit the string to move sideways. At the same time, it should
have the least amount of friction in the direction of the string in order to allow for an
unambiguous tension force. The tension force changes in particular during tuning of the
guitar, and when bending strings. In case a vibrato-system is installed, operating it will also
provide a change of the tension force. To illustrate the effects of bearing friction (in the
direction of the string), we investigate a string with two fixed end-points and a saddle (Fig.
7.14); the main section of the string has a scale length M.

Fig. 7.14: String with scale length M and remaining
section R. “Sattel” = saddle.

The maximum force F that can be applied to the saddle in horizontal direction♣ is the static
frictional force FR (= friction at the bearing). If this limit-value is surpassed, the string will
slide across the saddle. Assuming that we are, force-wise, just below this occurrence, FR acts
onto two spring stiffnesses working in parallel: the longitudinal stiffness of the main section
of the string (with the length M), and that of the residual R. Given smallish bend angles, we
obtain (with S = area of the cross-section) the effective overall stiffness s:
Effective longitudinal stiffness

The change in length of the main section of the string (due to the frictional force) amounts to
. As we move the saddle to the right (in the figure) such that no string slippage
across the saddle occurs, the main section of the string is elongated: its frequency rises.
Moving the saddle to the left, the frequency drops. However, the relative frequency change
does not depend on the relative change in length but on the relative change in strain. A string
of the length M needs to be stretched by x to generate the frequency fG. The strain for a Bstring (247 Hz), for example, is 2.6 mm. Since the frequency is proportional to the square root
of the strain, the relative frequency change corresponds to half the change in relative strain
(differential for small changes).

♣

parallel to the longitudinal axis of the string.
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Given strain x, Young’s modulus E, scale length M, and density ρ, the fundamental frequency
fG is:
;

.

Dependency of the frequency on the strain

The change in strain Δx results from the frictional force♣ that in turn depends, via the frictional
coefficient µ, on the tension force Ψ . The relative changes are:
;

Relative changes

To stick to our B-string example: given M = 64 cm, R = 12 cm and µ = 0,15, we calculate a
relative detuning of ± 1,2 %, corresponding to ± 21 cent. Therefore, the actual fundamental
frequency of the string is in fact indeterminate for a saddle having friction, with
as the
frequency incertitude. There are three ways to decrease this incertitude: either the friction is
made so strong that changes in the tension force will always remain smaller than the frictional
force – this results in the clamping saddle (clamping nut, clamping bridge) in which the
string cannot budge at all. Or the friction is reduced as far as possible by using low-friction
saddle materials and/or small bend angles – this will increase the danger of relative
movements between saddle and string, though. Or, the remaining string section between
saddle and tailpiece is shortened to just a few centimeters (e.g. Les Paul with Stopbar
tailpiece), and the longitudinal stiffness is thus increased. Besides these approaches, there
have been experiments making the saddle (or the bridge as a whole) moveable in its bearings:
examples are the Fender Jazzmaster and Jaguar … not very successful, getting little love, and
resurfacing more as a cult object. For further data see Table 7.1.
At this point, however, we need to remind ourselves of a fundamental law of sound
generation: individuality is imperfection. Whether a bridge has little attenuation effect on the
string vibration (i.e. long sustain), or much attenuation (i.e. percussive sound) – in the end that
remains a matter of taste. The sitar bridge that can be retrofitted to Telecasters may serve as
particularly succinct example: for it, a special string bearing intentionally generates
“interfering noise”, kind of a “boiiiinnnggg” … not to be mistaken with a “bonk” … you hear
me, Mr. Clinton?
Bend angle at the nut

Bend angle at the bridge

Stratocaster
Telecaster
Jazzmaster
Gretsch Tennessean
Rickenbacker 335
Gibson ES 335
Les Paul '59 reissue

7° – 9°
7° – 9°
7° – 9°
5° – 15°
7° – 12°
15°
17°

up to 90°
9° (top loading), 34° (through-body)
6° – 7°
4°
4,5°
9° – 10°
19° – 26°

Taylor PS-54-CE
Ovation SMT
Ovation EA68
Martin D45V

13°
11°
11°
15°

12° / 27°
25° – 30°
33°
25° – 30°

Table 7.1: Typical bend angles of strings
♣

The formula for wrap-around friction exp(µα) lends itself for a more precise calculation.
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7.5 Reflection and Absorption at Bridge and Nut
Nut (or fret) and bridge act as bearing for the string, defining the limits of its vibrating part.
Their effect onto the sound generation may be looked at twofold: considering the reflection of
a wave propagating along the string (time domain) on the one hand, and on the other hand
regarding the steady state (spectral domain). For both cases only approximations are possible
since the actual processes are indefinitely complex. The bridge is the separating point between
a light, easily moved medium (the string), and a heavy, almost immovable (the guitar body).
While in Chapter 2 we had mainly shown the vibration processes of the string, we shall now
more deeply investigate the string bearings and their effect onto the reflection process.
A technical/mathematical analysis of the reflection process shows that the degree of reflection
amounts to almost 100 % – in sharp contrast to portrayals in (some circles of) popular science
that surmise almost complete matching (i.e. no reflection): "The largest portion of the string
vibration should be transmitted to the body. Indeed, if the latter is supplied with uninhibited
vibration energy, a maximum in tone and sustain develops.[Gitarre&Bass 12/05]" – with this
assumption not being directed to acoustic guitars but to electric ones. However, if indeed the
largest portion of the vibration energy arriving at the bridge would be transmitted to the guitar
body (i.e. the energy would be absorbed in it), then only the small remaining portion could be
reflected … and this would render a vibration of any duration (i.e. any sustain, even a short
one) impossible. This reasoning based on the principle of energy conservation is often met
with the argument that the string bearing would be “re-implying” – meaning that the energy
fed to the guitar body would come back to the string. While that is not entirely wrong, the
wording is somewhat unfamiliar for the acoustician. A bit closer to home would be the
separation into active energy and reactive energy: the reactances (the masses and springs)
store reactive energy that they can release again in its entirety without losses. To compress a
spring, energy is necessary; as the spring is relaxed again, this energy is released. The spring
acts as storage for potential energy. Conversely, all friction resistances absorb active energy
that is immediately and irreversibly transformed into caloric energy: heat. N.B.: even if the
guitar were further heated up, this heat energy could not be re-converted into vibration energy
(translator’s note: just needs to be mentioned with regard to the ill-devised “re-implying”
idea of the guitar body giving back vibration energy as mentioned above). In reality, all
springs are in contact with friction-resistances, and therefore every deformation of material
results in a loss of vibration energy. Thus every body that is deformed by vibration (i.e. that
“resonates”, to use the popular term) will convert vibration energy into heat … not a good
basis for long sustain.
If long sustain is desired in a plucked string, then that largest portion of the vibration energy
must exactly NOT be transmitted to the guitar body – neither as active energy (immediately to
be converted into heat energy), nor as reactive energy. The latter would necessarily lead to a
deformation of spring elements, and since those never are loss-free, at least some conversion
into active energy would happen. It is an entirely different question whether all partials
(harmonics) of a string vibration should have the longest sustain possible. Because not all
guitars are supposed to sound the same, be differences in the spectra of the partials may
actually be welcome – meaning both guitar-specific amplitudes of the partials, and guitar
specific decay constants. In the following we will describe first the reflection process, and
then follow with the analysis of the decay of the partials.
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7.5.1 Reflection- and absorption-parameters
The descriptive parameters of waves, and associated reflection and absorption, were already
elaborated in Chapters 1 and 2 – however, assuming that not every reader seeks to struggle
through those chapters, a short summary is given in the following.
Via the plucking/picking of the string, it is deflected with the force F in the transversal
direction. This plucking force delivers the energy that – after release – makes the string
vibrate (oscillate). The unit for the force is the Newton (N) with 1 N = 1 kg ⋅ m / s2 in the mkssystem. To characterize the motional magnitude of the oscillation, the (particle-) velocity is
used (besides displacement and acceleration) – it is not to be confused with the propagation
speed. The product of force and particle-velocity calculates the power P given in units of
Watt (W); 1 W = 1 Nm/s. Temporal integration of power yields the energy E, with the
associated unit Ws = Nm. The typical excitation energy of a string amounts to a few milliwatt-seconds (mWs). Caution should be exercised with regard to the letter m, since it
represents the abbreviation for both the unit of length meter, and the prefix milli (1/1000th).
The quotient of force and particle-velocity of a propagating wave forms the waveimpedance: ZW = F / v. However, ZW does not stand for the quotient of the force acting on a
little piece of string and the velocity of this piece of string, since these magnitudes could have
resulted from superposition of several waves. For example, the velocity in a vibration node is
always zero – but that does not mean at all that the wave impedance is zero at that location.
Rather, the node generated in standing waves is the result of two waves running in opposite
directions. The wave impedance is defined only for the individual wave. In steel strings, the
wave impedance is about 1 Ns/m; more exact data may be found in the appendix.
As a propagating wave hits an obstacle, part of the wave power is reflected. An obstacle is
given by a location in the medium the wave travels in where the wave impedance differs from
that of the string, as is the case in particular for the string bearings (bridge, and nut or fret).
The degree of reflection denotes the portion of the wave power that is reflected – the nonreflected portion is absorbed. Besides the degree of reflection there is also the reflection factor
that is required for calculations involving force and velocity. If, for example, 25% of the wave
power is reflected, this implies that the force of the backward-running (reflected) wave is 50%
of that of the forward-running wave. In this case, the particle-velocity of the backwardrunning wave is also 50% of that of the forward-running wave, since both waves are
connected via the wave impedance (see above). From this we get: the degree of reflection is
the square of the reflection factor. The degree of reflection and the degree of absorption add
up to 1. Thus, 25% degree of reflection pertains to 75% degree of absorption
The formula representations for reflection factor and degree of reflection are not always
handled uniformly: often r is used for both. To avoid mix-ups here, we will use r for the
reflection factor, and r2 for the degree of reflection. Alternatively, the terms “degree of energy
reflection” rE and “degree of power reflection” rP are made use of – the magnitudes of both
quantities are equal.
Due to the law of energy conservation, the degree of reflection cannot be larger than 1. In
guitars, values of just shy of 1 (e.g. 99%) are typical. In some frequency ranges, however,
there may be much absorption – the vibration energy is efficiently transmitted into the
bearing, and it either is converted directly into heat, or (partially) radiated as sound.
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7.5.2 Analysis of reflections
In the simple model of the string (Chapter 1), two transversal waves propagate along the
string after it is being plucked (Fig. 7.15, left). Let us take as stimulus a short impulse (at A)
that – in the ideal case – is reflected at both bearings with opposite phase. The corresponding
idealized time function at the observation point (B) is seen on the right. In reality, we get
large deviations from this idealized model: the propagation of transversal waves is dispersive
(Chapter 1.3), and at the bearings there is both a loss of vibration energy and an exchange of
energy between transversal waves and longitudinal waves. This exchange is the subject of the
following elaborations based on measurements that targeted the development of a more
precise reflection model.

Fig. 7.15: Simple model for transversal waves: impulse excitation at A (left); time function at B (right).

If the time function appearing at B (in Fig. 7.15) were as simple as depicted in the graph, it
would be easy to distinguish between the wave running forwards and the wave running
backwards, and to determine a reflection factor. However, due to the frequency dependency
of the group delay (dispersion), short impulses get broadened already after a few centimeters
into a chirp such that we get a mix of the two waves running to and from (Fig. 7.16).

Fig. 7.16: Forwards- and backwards-running waves at point B, with dispersion (left); superposition at B (right).

If the requirements with regard to accuracy are not too high, it is possible to de-convolve one
of the two waves, and in the end to obtain a separation with respect to time, after all. To do
this, the string is interpreted as a linear, time-invariant system (Chapters 1 and 2), the output
signal of which is a convolution of input signal and impulse response. For small
displacements, assuming linearity provides a very reasonable approximation. Time-invariance
can be obtained only for short durations of time due to unavoidable temperature changes.
From output signal and impulse response, the de-convolution (as the inverse operation of
convolution) yields the input signal. The latter could be a short impulse (at A), while the
output signal is the measurement result determined at B (e.g. the particle velocity), and the
impulse response can be calculated on the basis to the string data (Chapter 1). However, as
elegant as this approach may be in theory, in practice we quickly recognize new problems: the
signal energy delivered via a short impulse is small, and therefore a lot of noise but only little
useful signal arrive at the measuring point. The de-convolution is correspondingly impaired.
© M. Zollner & T. Zwicker 2019
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Fig. 7.17: Summation signal at B (left), de-convolution (right). Both curves are calculated, not measured.
“Anregung” = excitation; “reflektierte Welle” = reflected wave.

Fig. 7.17 indicates how all this would work in theory: via de-convolution of the output signal
at B (left section of the figure) with the inverse impulse response that maps from A to B, the
(positive) output impulse is retrieved. The reflection is added in – it is not fully de-convoluted
because it has run a longer distance, after all. After separating the signal, though, the
reflection could also be de-convoluted back right up to the excitation impulse.
However, as has already been mentioned, excitation with a short impulse has its problems: the
useable signal dynamic is small. We get better results if we excite the string at point A using a
special chirp, the mapping of which onto B results in a short impulse. The excitation signal A
thus needs to be configured exactly such that its dispersive mapping onto B yields a short
impulse that can easily be separated from the subsequent reflections (Fig. 7.18).

Fig. 7.18: Excitation chirp at A (left), output signal at B (right); model calculation.

In contrast to the model calculations elaborated so far, we now turn to measurements with an
experimental setup. A string a length of 13 m length (translators note: no kidding!) made of
steel wire at 0.7 mm diameter was tensioned to yield a fundamental frequency of 6 Hz. It was
deflected transversally with a chirp using a shaker (B&K 4810). Since the transmission
characteristic of the shaker is frequency-dependent, the chirp depicted in Fig 7.18 needed to
be pre-filtered once more, such that the forward-running wave shaped up to a half-sine
impulse at a distance of 3 m. This can only be achieved as an approximation because a timelimited impulse would require a infinitely broad spectrum; bandwidth-limiting to technically
feasible ranges leads to a broadening of impulses – to spurious oscillations, specifically. After
some lengthy optimization work, a usable compromise could be found that delivered reliable
measurement results, after all.
Translated by Tilmann Zwicker
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The experimental setup is shown in Fig. 7.19: the 13.3-m-long string runs across a knife-edge
bearing and to its end-fixture 10 cm away. The bend angle at the knife-edge is adjustable. Via
a chirp generated by a B&K 4810 shaker, the string receives excitation to oscillate
transversally. At about 20 cm distance from the knife-edge, the transversal velocity of the
string is measured using a laser vibrometer. The chirp is calculated such that the transversal
wave running towards the right generates a velocity impulse of half-sine shape.

Fig. 7.19: Reflection-measurement setup. Length of the residual string (“Saitenreststück”): 10 cm; distance
between knife-edge bearing (“Schneidenlager”) and access point for laser beam (“Laserstrahl”): about 20 cm;
distance between measuring point and shaker: about 3 m. The string (“Saite”; ∅ 0.7 mm, overall length 13.3 m)
is tuned to a fundamental of about 6 Hz. Right: time function of the velocity measured via the laser vibrometer.

The scaling in Fig. 7.19 (right-hand section) is such that the (negative) excitation impulse
happens around 0 s on the time axis, accompanied by some minor spurious oscillations. From
about 1 ms, the dispersively broadened reflection becomes visible, and from about 3 ms,
vibrations caused by the residual part of the string become apparent. Only for a string without
any bending-stiffness would the two sections of the string remain completely decoupled via
the motion-free bearing. Given a string with bending-stiffness, a coupling of the vibration
does happen with such a bearing, as well (Chapter 2.7). The bearing is able to take on
transversal forces but cannot absorb the bending moments that also occur in a flexural wave –
these moments are transmitted across the bearing to the respective other section of the string.
The length of the residual string (98 mm) corresponds to a fundamental frequency of 920 Hz;
at this frequency and its “multiples”, energy is withdrawn from the reflection. The term
“multiple” should not be taken entirely literally here because the Eigen-frequencies are spread
out dispersively. In Fig. 7.20, the de-convolved impulses running back and forth are shown,
and also the spectra for the two functions. Apart from the many ripples representing analysis
artifacts, two peculiarities can clearly be recognized in the spectrum of the reflection: the
unexpectedly high damping (attenuation) of the reflection (on average about 1 dB), and
selective minima at the Eigen-frequencies of the residual part of the string.

Fig. 7.20: De-convolved reflectogram (left): excitation spectrum (----), reflection spectrum (––––). On the right,
the velocity-spectrum of the vibration of the residual string is represented as the thin line.
© M. Zollner & T. Zwicker 2019
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Previous experiments had already shown that a bending-coupling was happening across the
knife-edge bearing, and that vibration energy was withdrawn from the string selectively
(Chapter 2). It is, however, surprising that the energy of the wave reflected by the bearing is
20% less than the energy of the wave running towards the bearing. If indeed the wave would
loose 20% of its energy at each reflection, a 500-Hz-vibration would be attenuated by 48 dB
already after 0.1 s – this contradicts any real experience. Justifiably, the spectral distribution
of the reflected energy may be questioned because every short-term spectrum will include
artifacts. The time-function of the velocity measured via the laser (Fig. 7.19) is much more
reliable, though. If the degree of energy-reflection remains so clearly below the expected
value (assumed at possibly 98%), then there are two possibilities for errors: either the
measurement of the excitation energy yields is too high a value, or that of the reflection yields
one too low. An error regarding the excitation energy can by and large be excluded: the
summation of the squared signal happens across merely one 1 ms – at that point no reflection
has happened. For the reflected energy, however, the situation is different: theoretically it
would be possible that the excitation is not concentrated in the impulse shown in the figure,
but includes an additional component that is in opposite phase to the subsequent reflection.
This highly unlikely scenario could be excluded, as well, by modifying the parameters: all
measurements gave a degree of energy-reflection of 80%, calculated from the time function.
Changing the bend angle of the strings (across the knife edge) shows us where the
seemingly lost energy goes. For the first measurements this angle (that indicates the change of
direction of the string at the knife edge) amounted to α = 7°. In a second series of
experiments, α was increased to 23°, resulting in a further reduction of the degree of
reflection to only 68%. However, for these measurements, 5 ms after the first reflection a
further, smaller reflection appears, and this provides the key to understanding. The overall
length of the string used for the measurements was 13.3 m: with vD = 5200 m/s, an expansion
wave (longitudinal wave, dilatational wave) needs 5.1 ms to run back and forth two times
(without dispersion!). Evidently, the transversal wave arriving at the knife-edge bearing is
transformed (to a non-negligible degree) into a longitudinal wave that runs quickly and
dispersion-free to the other end of the string. There, it is reflected partially as longitudinal
wave, and partially as transversal wave. Crucial in the present context is the reflected
longitudinal wave: it returns after 5.1 ms and releases a secondary transversal wave at the
knife-edge bearing. With the laser only detecting transversal waves, the longitudinal wave
remains invisible. That a longitudinal wave is in fact generated is easily verified using a force
sensor measuring the longitudinal force at the end of the string: indeed, exactly between the
two reflections depicted in Fig. 7.22, we get an impulse of longitudinal force (not included in
the drawing, see Fig. 7.29).

Fig. 7.21: As Fig. 7.20 but with the bend-angle of the string increased to α = 23°.
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The results so far can be summarized as the following insight: the stronger the string changes
direction at the bearing (i.e. the larger the bend angle is), the more efficiently the
transformation from transversal to longitudinal vibration energy will be at the bearing. More
concisely: the more pronounced the bend, the stronger the mode-coupling. Two more
experiments are to deliver support for this hypothesis: in Fig. 7. 22, the bend angle was
enlarged to 45° – a value typically found in a Stratocaster. The degree of reflection decreased
to 59%, the 5-ms-reflection becomes even stronger.

Fig. 7.22: As Fig. 7.20 but with the bend-angle of the string increased to α = 45°.

As the other extreme, the measurement doing away with any bend angle concludes the
experiments – the string simply ends in a heavy brass block without previously crossing a
bridge (Fig. 7.22). The degree of reflection calculated from the measurement is 99%, with a
5-ms-relection not identifiable. All these analyses allow but one conclusion: for the vast
majority of electric guitars, the wave reflection at the bridge does not bother about any
textbook teaching! The function of the guitar bridge, ideally assumed to be a stiff bearing or,
more realistically, modeled as transverse impedance (or admittance), is more complex than
assumed so far. On top of its dispersive characteristics that have not been examined yet in the
present context, it acts as interface between transversal and longitudinal waves – with a
degree of energy coupling up to 40% … not a negligible order of magnitude anymore. What
follows for the sound of the guitar is this: the string vibrates not only with the Eigenfrequencies (natural frequencies) for the transversal wave but also with those for the
longitudinal wave, and in addition mixed modes are possible, as well (e.g. a wave running in
one direction as transversal wave and backwards as longitudinal wave). In the spectrum, we
therefore expect deviations relative to the Eigen-frequencies of the rigid string.

Fig. 7.23: As Fig. 7.20 but without any bend angle of the string.
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Fig. 7.24 once more compiles all four of the measured reflectograms. Established scientific
consensus is that reflection needs to happen with opposite phase – this is fully confirmed.
However, the dependency of the amplitude of the reflected impulse on the bend angle of the
string requires an extension of the usual models by a bearing-specific mode-coupling.

Fig. 7.24: Compilation of all reflectograms. α = bend-angle of the string; Saite, rE = degree or energy-reflection.

Checking out popular guitar model shows that the manufacturers take advantage of the
possibilities of varying the bend angle of the string: the range goes from about 4° to 45°. For
the purely acoustic archtop guitars with their convex tops, choosing the bend angle was kindof walking the tightrope between string buzz and a collapsing top: the more pronounced the
bend angle, the bigger the forces acting onto the top. Given an (overall) string pull of 1000 N
it is clear that the bend angle must not be too big. Some electric guitars adopted the basic
build of the arched, unsupported top (Byrdland, ES-330, Tennessean, Casino), and imported
the shallow bend angle, as well. With the introduction of the reinforced top (e.g. the “sustain
block” in the ES-335), stability problems should in fact have been part of the past – but during
the 1960s and 1970s, the ES-335 sported the trapeze tailpiece (a string fixture extending to the
endpin, similar to that of the ES-330). Probably, this was for cosmetic reasons. For solid-body
guitars such as the Jazzmaster and the Jaguar, the reason for the shallow bend angle was the
vibrato system that was supposed to be free of detuning (with the help of the point-support
bearing of the bridge). At Fender, they could have calculated that this construction would not
be the best solution – but they left the market to decide. Which the marked did – without
much mercy, even though these guitars were Fender’s top-of-the-line models. In its first
edition, the Telecaster had a steep bend angle (string-through-body), but in 1959 this was
changed towards a smaller angle (top-loading). In 1960, both versions were available and
after that, the steep angle was back again exclusively. One of the most pronounced bend
angles is found on the Stratocaster and its countless copies.

Translated by Tilmann Zwicker

© M. Zollner & T. Zwicker 2019

7.5 Reflection and absorption at bridge and nut

7-33

Fig. 7.25 shows some examples of typical bridge designs. The Stratocaster bridge is available
with bridge saddles of bent sheet-metal, or with solid bridge saddles, and also with vibrato or
without it (“hard tail”), and in other variations not shown here. Gibson’s mainstay, the TuneO-Matic bridge is found in two versions: with the heads of the adjustment screws pointing
towards the headstock, or towards the tailpiece. For the latter configuration (pictured on the
left), the residual strings can make contact to the screw-heads! The bridge variant shown for
the 1952 Les Paul is the one found in Lester Polfuss’s patent application; the production
model, however, wrapped the string under the bridge. The bridge of a 1952 Les Paul is solidly
anchored into the guitar body; it could be almost seen as a solidly fixed bearing. However,
since the strings could not individually be adjusted in length, Gibson introduced their Tune-OMatic bridge in 1954 for almost all their guitars.

Fig. 7.25: Cross-sections of some selected guitar bridges.
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We can see from Fig. 7.25 that the bend angle of the strings turns out rather differently
between the various guitar types. Moreover, the length of the residual section of the string,
i.e. the section between bridge and tailpiece, needs to be considered – it does make for
selective absorptions. The latter are not particularly conspicuous in themselves but need to be
mentioned for the sake of completeness. From the relationship between the length of the
remaining string and the scale, it would be easy to estimate the resonance frequencies of the
residual strings: at these frequencies, energy is withdrawn from the main section of the string
– due to the bending-stiffness coupling across the bridge. The mentioned relationship is
specific to the guitar type (Fig. 7.26), and sometimes even specific to the year of manufacture.
If the length-relation is e.g. 10%, the fundamental of the resonance provided by the residual
part of the E2-string will be 824 Hz. In practice, there will be small deviations, because, for
one, the bending stiffness makes for a stronger detuning for shorter strings, and also because
the mounting of the strings in the tailpiece is not ideally rigid. Fig. 7.26 depicts, as a typical
example, the trapeze tailpiece of the Gibson ES-335; the table on the right gives an
impression of the common length relationships.
Length or residual part of string vs. scale length
Gibson ES 140
6%
Gibson ES 330
10 %
Gibson ES 335
17 %
Fender Jazzmaster
19 %
Gibson Byrdland
20 %
Fig. 7.26: Typical bridge with a long residual part of the string (Gibson ES 335 w/trapeze-tailpiece).

Already the few examples shown above indicate how different the build of guitar bridges may
be, with corresponding differences in their influence on the string vibration. The
measurements document unequivocally that a significant coupling of modes happens at the
bridge. In the following we shall investigate in depth why this happens. In particular, the bend
in the string requires a more exact documentation. The bend angle merely specifies the
tangential (asymptotical) directions but not how the bend evolves locally across the bridge
saddle. There are two extreme cases: either the string is smoothly bent across the bridge in a
round just as much as is required to achieve the bend angle, or a sharp bend is introduced to
the string at the bridge. The former leads to a reversible deformation in the case of not too
big a bend, the latter brings an irreversible kink (plastic deformation) that remains even after
removing any tension. Fig. 7.27 represents both these cases for a 45° bend angle.

Fig. 7.27: Rounded-off and sharplybent shape of the string for identical
bend angles (α = 45°).

For the two resulting shapes of the string, the reflection behavior is different: the rounded off
shape generates a stronger coupling of modes. Apparently it is not so much the change in
direction of the string but the curvature that is of significance. In the right-hand section of the
figure, a strong curvature is present only directly at the bridge – but here the vibration
amplitude is practically zero. In the left section of the figure, however, the curvature extends
across a longer section of the string, albeit in a weaker fashion.
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Reflectograms corresponding to the string geometry in Fig. 7.27 are shown in Fig. 7.28. The
primary reflection (at 1 ms) is, compared to the more softly bent string, more pronounced for
the sharply bent string. Assuming that only little energy is dissipated within the bearing for
any single reflection, a weaker longitudinal wave is thus generated for the sharply bent string.
The secondary reflection occurring after 6 ms qualitatively confirms this, although it has gone
through an additional longitudinal/transversal coupling after the transversal/longitudinal
coupling, and therefore is not a direct measure for the dilatational wave.

Fig. 7.28: Reflectogram for two different string curvatures; bend angle α = 45°.

The simplest way to measure the dilatational wave generated at the bearing via the modecoupling is using a force sensor that gauges the longitudinal force at the other end of the
string. What needs to be considered, though, is that at a fixed bearing the motional
magnitudes become zero while the forces are doubled (Chapter 2.2). Therefore, Fig. 7.29
indicates all bearing forces only with 50% of the measured value (hoping, of course, that the
bearing indeed is ideal). In order to exclude the influence of any residual part of the string,
this was eliminated by anchoring the string rigidly in a rotatable cylinder. Twisting the
cylinder enabled the creation of a bending moment resulting in the curvature of the string. The
measurement point of the laser was located at a distance of 38 cm from the cylinder, and at
another 3 m distance the shaker was positioned. Force measurements were carried out at the
other end of the string where the bearing caused no curvature.

Fig. 7.29: Transversal velocity (top) and longitudinal force (bottom) for three different string curvatures.
Note: the polarity of the force signal depends on the direction of the curvature.

© M. Zollner & T. Zwicker 2019

Translated by Tilmann Zwicker

7-36

7. Neck and body of the guitar

The measurements shown in Fig. 7.29 are impressive evidence that the mode-coupling is not
the result of the presence of the residual string, but the effect of the string curvature alone.
Without curvature, there is next to no longitudinal wave. If a curvature close to the bearing
exists, a unipolar half-wave impulse generates a bipolar impulse that is reminiscent of a
temporal differentiation. “Force = mass x differentiated velocity” would appear to be an
obvious train of thought – however, the explanation proposed here points into a different
direction: it’s not the infinitesimal differentiation that brings us to our goal but the difference
– more specifically: the superposition of the time-shifted, opposite phase signals. The
velocity-wave reflected away from the bearing is in opposite phase to the wave running
towards the bearing such that directly at the bearing the sum of the two is zero – the ideal
bearing indeed is still. Just ahead of the bearing, however, the two waves are shifted relative
to each other by a small delay time. The superposition results in a signal approximately
corresponding to the differential. In Fig. 7.30, a correspondingly calculated superposition is
juxtaposed to the measured longitudinal force. The basic shape is nicely present. It is
understandable that not all small peaks are modeled: for one, band-limiting and deconvolution make for artifacts; more importantly, though, the calculation was only done for a
single point: at 1 cm ahead of the bearing. In a real string, however, the mode-coupling does
not only happen in a single point but across a range.

Fig. 7.30: Measured longitudinal force (––––), compared to a simple model calculation (-----).
On the right, the coupling between longitudinal and transversal movement is depicted.

The principle mechanism of the mode-coupling is represented by the picture on the right:
pulling the string to the left at the same time results in a downward movement.
Correspondingly, a downward transversal displacement makes for an additional displacement
towards the left. The dependency on the sign was already shown in Fig. 7.29 – model and
calculations agree well in this respect.
Fig. 7.30 shows an amplitude of the longitudinal force (force-amplitude of the dilatational
wave) of 0.3 N. The particle-velocity of the dilatational wave is connected to this via the
impedance of the dilatational wave ZW = 16 Ns/m, yielding a velocity amplitude of the
dilatational wave of 19 mm/s; that is about 7% of the velocity amplitude of the transversal
wave. The energy of a wave depends on the square of the velocity but also on the wave
impedance: E = ZW ⋅ v2 ⋅ t. The wave impedances for longitudinal and transverse waves differ
by the factor of 30 in this case – the relation between the velocities mentioned above would
therefore indicate that the energy of the longitudinal wave is about 30% of that of the
transversal wave (double impulse, factor of 2!). The energy-reflection reflection, at rE = 65%,
is a little smaller in this example – the missing 5% could have been “lost” when the
longitudinal wave ran across the shaker. Given the multitude of possible artifacts, this degree
of precision is deemed as good.
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As a summary: the more the string is curved, the higher the coupling transversal waves ⇔
longitudinal waves is. The factor of the energy coupling may be as big as 40% or more. The
time functions of the waves generated by the coupling are, approximately, the derivatives of
the time functions of the primary waves.
Fig. 7.31 summarizes the time-processes. A transversal velocity wave of half-sine shape is
(partly) reflected as a sine-shaped longitudinal velocity wave. The latter is again (partly)
reflected as a transversal velocity wave with 1.5 sine-periods. Using the derivative as an
approximation becomes increasingly inaccurate as more steps in the mode-conversion are
simulated. The spectral operation matching the time-derivative is a multiplication with jω, i.e.
a bass-attenuation. That is why the mode-coupling has no impact for the real string in the lowfrequency domain – only above 1 kHz, effects become noticeable.

Fig. 7.31: Primary transversal wave (left), dilatational wave generated by it (middle), transversal wave generated
in turn by the latter (right). All graphs are measurement results with a solid 0.7-mm-string.

For the following analyses (concentrating on spectral effects) the scale of the string was
shortened to guitar-typical values; this was in order to get into the range of guitar-typical
resonances. To enhance the effects, the string was first clamped down in a fixed manner on
both ends, but then alternatively run across a knife-edge at both ends (i.e. it received a bend).
The measurement with the laser-vibrometer was done at a distance of 7 mm from one of the
bearings. Close to the other bearing, the string was excited with a short transversal impulse.
The spectra (Fig. 7.32) will therefore show a comb-filter-like shape that depends on both the
shape of the excitation impulse, and on the distance from bearing to measurement point. The
high degree of correspondence between measurements and transversal-wave model indicate
that for the clamped-down string, barely any dilatational waves have been generated. The
spreading of the partials is the regular one, i.e. it corresponds to the theory introduced in
Chapter 1.3.

Fig. 7.32: Level-spectrum of a clamped-down 0.7-mm-string; measurement (“Messung”, left) and model
calculation (“Rechnung”, right). The measured frequencies of the partials perfectly agree with the calculation
(dots in the left-hand graph).
© M. Zollner & T. Zwicker 2019
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For the string run across the knife-edge bearings, the frequency-deviations relative to the
regular spreading are evident (Fig. 7.33) – this is due to a stronger coupling of the mode. Both
a detuning of the partials, and additional partials (e.g. around 3 kHz), can be seen.

Fig. 7.33: Measured spectrum of the clamped-down string (left), and of knife-edge-supported string (right). The
irregularities of the frequencies of the partials are due to the coupling of modes.

Fig. 7.34 depicts two sections from the spectrum of the knife-edge-supported string. In
contrast to the clamped-down string (where the frequencies of the partials agreed with the
calculated values in good approximation, Fig. 7.32), considerable deviations between
calculation (dots) and measurement (line) are evident.

Fig. 7.34: Sections from the spectrum shown in Fig. 7.33 (right), for the knife-edge-supported string.

Of course, the question whether such effects are audible is of particular importance.
Orientating listening experiments showed that all recorded velocity data sets sounded
differently – however this was not due to the different string bearing but due to the nonidentical excitation. Already minute differences in the plucking/picking of the string changed
the spectral envelope to such an extent that differences could be heard. Therefore two sounds
were synthesized that had identical spectral envelopes but different frequencies of the partials
as given by Fig, 7.33. The result was that the differences in the inharmonicity are rather
insignificant to the sound. Of course, it will depend on the individual case whether special
beats in the partials shape the auditory impression in a particular fashion. However, from a
general point-of-view, the way the string is plucked very clearly takes precedence over the
inharmonicity. (See Chapter 8.2.5 for the audibility of inharmonicities in the partials).
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7.5.3 The mechanical bridge-impedance
Interpreting string and saddle (bearing of the string)♣ as parts of a mechanical system, two
different paths offer themselves towards a mathematical description: either the space- and
time-dependent analysis including differential- and wave-equations, or the spectral
presentation of the post-transient, settled condition. The previous chapter had analyzed the
processes in terms of their evolution over time, below we now get into the frequency domain.
For the simple model of the string, the saddle is motionless and reflects ideally, with
reflection-factor r emerging to be +1 (force) or -1 (motion), respectively. From the real waveimpedance ZW of the string, and the complex saddle-impedance (bearing impedance) ZL, r had
been calculated in Chapter 2.5. To keep the relations manageable, we shall look at a single
wave-type (e.g. the transversal wave), and a loss-free bearing. The saddle-impedance ZL = F/v
is now a two-pole function of the reactance. The reactance is the imaginary part of a
complex impedance. A reactance two-pole includes an imaginary impedance only, and
therefore only masses and springs are allowed as elements – damping resistances are not.
Given the complex frequency p [e.g. 6], the mass impedance is calculated as pm, and the mass
reactance as ωm, respectively; the spring impedance is s/p, and the spring reactance is –s/ω. If
a mechanical reactance two-pole is comprised of masses and springs (loss-free, there will be
no other elements), its impedance is given by a reactance two-pole function of the form:
Reactance-two-pole function

Herein, zi are the coefficients of the numerator, and ni those of the denominator. The largest
power in the numerator-polynomial (ν), is either larger by 1 than that of the largest
denominator-polynomial (µ), or smaller by 1. The larger value of ν and µ corresponds to the
order n of the system – in canonical systems it would be the number of free memories.
Example: a system containing but one single spring is a 1st-order system. It would already be
possible to describe an ideal bearing that way, but the spring-stiffness would then need to be
infinite (a spring of infinite stiffness is unyielding). Given finite stiffness, an approximation is
possible as long as the bearing reactance remains large relative to the wave-impedance. With
s = 106 N/m we get, at 1 kHz, a bearing reactance of –160 Ns/m; this may be seen (in terms of
the absolute value) already as large compared to the wave impedance of a steel string (0,1 ... 1
Ns/m). A bearing with this kind of suspension would reflect low-frequency waves almost
exactly as a rigid bearing would. Mounting a small mass ahead of this bearing spring, and
another spring ahead of this small mass, a 3rd-order system would emerge. At low
frequencies, this new system would behave in a spring-inhibited manner, and at high
frequencies the same. Between the two resonance frequencies, however, it would be massinhibited (inert). The frequency dependency of the bearing-reactance has two effects: a detuning of the frequencies of the partials, and the generation of additional partials that would
not exist with an ideal string bearing (Chapter 2.5.2). The higher the order of the bearing
impedance, the more additional partials are created.
What is the typical order of magnitude of a bearing-impedance? It should be infinite, since
nut, bridge and body are continua – but in practice it is finite, after all, because we regard
merely a finite frequency range.
As already noted on page 7-21, the term „saddle“ is used here generally for the bearing of the string, i.e. for
both nut and bridge – and for the respective fret, as well, in case of a fretted string.
♣
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The theorems about reactance-two-pole functions [e.g. 7] say that along the jω-axis, poles and
zeroes alternate. Between the poles and zeroes, the mechanical reactance-two-pole (i.e. the
“reactive” string bearing) behaves either like a spring or like a mass; the partials of the string
are correspondingly detuned higher or lower (Chapter 2.5.2). One pole-zero-pairing each (on
the positive imaginary axis) generates an additional partial; given n = 8 we therefore get
already 4 additional partials. Since all parts of the guitar are force-fitted to each other, we
would in theory have to account for a whole lot of vibration-happy sectional masses and
springs, and consequently would have to deal with a high number of additional partials. That
is for the loss-free bearing, though! As soon as we grant resistive elements to the bearing, the
situation changes from the ground up: only those resonances that are extremely weakly
damped can change the phase by 2π, and generate additional tones. All other resonances only
result in small frequency shifts.
The mechanical impedance of a lossy bearing is not a reactance-two-pole function but a twopole function, i.e. a real, rational and positive function of p. All poles and zeroes of the
bearing impedance Z(p) are located left of the jω-axis. Mapping Z(p) onto the complex
reflection factor r(p), we do not obtain a pure all-pass function – rather, phase and damping
are frequency dependent.
Complex v-reflection-factor

The bearing impedance can be expressed as a rational function Q / V; from the n poles and
zeroes, the mapping generates n new poles and zeroes – the order n is retained (for real waveimpedances). From W⋅V + Q, we obtain via zeroing the poles of the reflection factor – all
positioned left of the jω-axis (stable system). From W⋅V – Q, we obtain the zeroes of the
reflection factor, but these may now be distributed across the whole of the p-plane! If r zeroes
are located on the jω-axis, matching will occur at the corresponding frequency: the
reflection-factor is zero – the bearing absorbs the whole of the wave energy. If r zeroes are
located right of the jω-axis, the reflection factor contains (inter alia) an all-pass. If r zeroes
are located left of the jω-axis, the reflection factor is without an all-pass (= of minimal
phase).
Slightly simplifying: each resonance of the bearing results in a pole/zero-pair of the reflection
factor. The poles of the reflection factor are always located within the left p-half-plane; the
zeroes of the reflection factor may be located left or right. A zero on the left merely causes the
detuning of a partial, while a zero located on the right will generate also an additional partial.
A resonance circuit (i.e. a spring/mass/damper-system) within the bearing will make for a
narrow-band absorption of vibration energy; it decreases the magnitude of the reflection
factor from 1 to values just shy of 1. If the resonance circuit is of minimum phase, there will
only be a small phase shift: below the resonance, the phase of the reflection will be slightly
negative while above the resonance, it will be slightly positive. With increasing distance from
the resonance frequency, the phase shift decreases towards zero. However, in case the
resonance circuit contains an all-pass (i.e. it is not of minimum phase), it will shift the phase
with increasing frequency by -2π, generating an additional partial. The basics for this
approach to looking at things are found in systems theory [6, 7]; the reflection process can be
understood as mapping characteristic of a linear and time-invariant system.
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Let us take a little detour to explain the process of a reflection for an electric transmission line
– subsequently we shall then look at the corresponding analogy for the mechanical line. An
electric transmission line with a wave-impedance of W = 50Ω [5] is terminated with an
RLC-series-circuit, for example R = 25Ω, L = 0.1H, C = 1µF. A reflection factor r follows:

The zeroes of the numerator-polynomial are located in the right-hand p-half-plane, i.e. the
reflection is not of minimum phase but includes an all-pass. If we modify the three elements
of the termination-impedance to be R = 100Ω, L = 0.2H, C = 0.5µF, this will not change the
magnitude of the reflection factor. The phase, however, does change: a minimum-phase (i.e.
all-pass-free) system results. Fig. 7.35 depicts the corresponding magnitude, phase, and locus
of the reflection factor. For minimum-phase, the r-locus runs left of the coordinate-origin,
while for the solution comprising an all-pass, the solution encircles the origin.

Fig. 7.35: Reflection factor (“Reflektionsfaktor”): frequency response of magnitude (“Betrag”) and phase, and
locus (“Ortskurve”); ---- = minimum-phase.

Now on to the mechanical transmission line: the string. Given a dispersion-free situation, the
wave impedance is again real, and the termination (bearing) impedance is a two-poleimpedance. As an example, a 5th-order bearing consists mainly of a stiff spring but also
includes two small masses, two springs and four dampers (Fig. 7.36). It is not directly
obvious whether or not the mechanical system generates an all-pass-free reflection; both
characteristics may result from the same structure – merely the component-values differ.

Fig. 7.36: Magnitude and phase of the reflection factor (“Reflektionsfaktor”) for two sets of component values.
The frequ. responses of the magnitude (“Betrag”) are identical, those of the phase differ (---- = minimum-phase).
V
3,98 Ns/m
25,6 Ns/m

s
2859 N/m
7498 N/m

m
0,36 g
0,33 g

W
0,1 Ns/m
0,005 Ns/m

s0
5087 N/m
2221 N/m

V
19,1 Ns/m
34,9 Ns/m

S
2054 N/m
281 N/m

m
1,43 g
0,244 g

W
0,17 Ns/m
0,048 Ns/m

Table: Component values. The last line results in a reflection comprising an all-pass.
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From the point of view of function-theory, mapping the complex Z-plane onto the complex rplane is a conformal mapping. Normalizing the bearing impedance Z relative to the waveimpedance W, we obtain – with z = Z/W – the following normalized conformal mapping:

Fig. 7.37: Conformal mapping of the normalized Z-plane onto the r-plane.
“Minimalphasige” = minimum phase; “Allpasshaltige” = comprising an all-pass; “Reflexion” = reflection;

The unit-circle of the r-plane is a mapping of the imaginary axis of the z-plane – the left-hand
z-plane is mapped to the exterior of the unit circle. Because all real bearing-impedances are
two-pole functions with a non-negative real part, the magnitude of the reflection factor cannot
become larger than 1 (this is mandatory from an energy point-of-view, as well). The band of
the z-plane hatched in grey is mapped to the grey area of the r-plane; the range of Re(z) > 1 is
mapped onto the pale-ish/thin circle. For Re(z) > 1, Re(z – 1) > 0 holds, i.e. it is a two-pole
function including zeroes in the left-hand r-plane (thus of minimum phase). In the case of the
electrical transmission line (the above example), z is the straight line z = 0.5 for R = 25 Ω. It is
located in the grey area – the reflection therefore comprises an all-pass. For the mechanical
line (string across a bearing), Fig. 7.38 shows the loci – including one peculiarity:

Fig. 7.38: Loci for the mechanical line; compare to Fig. 7.36. All loci are run through clock-wise with increasing
frequency. “Normierte” = normalized; “Ortskurve” = locus; “Impedanz” = impedance; “Minimalphasige” =
minimum phase; “Allpasshaltige” = comprising an all-pass; “Reflexion” = reflection; “Admittanz” = admittance.
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Between 100 Hz and 650 Hz, the normalized impedance-locus runs to the right of the dashed
delimitation line; the corresponding reflection factor lies within the small circle. The two
maxima of the reflection damping (at 160 Hz and 400 Hz) cause two small loops in the rlocus – they are located within the small circle and therefore have minimum-phase
characteristic. Globally seen, though, the phase of the v-reflection-factor changes from π to 0,
which is a characteristic of every spring-type bearing (s0). For frequencies approaching zero,
the system shown in Fig. 7.36 acts spring-like; the impedance thus shows a pole at p = 0 (and
a zero at p = ∞). If we wanted to avoid this peculiarity, the bearing would have to be designed
to have an essentially resistive characteristic (i.e. it would have to be a damper); however, this
setup would not enable the system to absorb any pre-load force. Therefore we have a springtype bearing, and consider all-pass characteristics only within the relevant frequency range.
Fig. 7.38 also contains the locus of the normalized admittance Y = G + jB = 1/Z. The real
part G of the admittance is termed conductance, the imaginary part B is called susceptance.
Whether you will want to work with the impedance (and its components resistance and
reactance), or with the admittance (and its components conductance and susceptance) is a
matter of taste; the conversion from one world to the other is simple. When calculating the
absorption in a bearing, the admittance yields the shorter formula – that’s why it will be used
in the following. The power absorbed in the bearing is not available anymore to the reflected
wave – every bearing will cause, besides phase shifts, an absorption (i.e. damping). The
degree of absorption a2 tells us the relative portion of the effective power irreversibly
absorbed in the bearing:
2

2

a = degree of power-absorption, r = degree of power reflection.

Both these magnitudes depend on the corresponding factor with a square-relationship: if, for
example, the reflection factor is r = 50%, then 25% of the power gets reflected, and 75% gets
absorbed. The effective power PW absorbed by a two-pole may be represented in four ways:
Effective power

For the string bearing, the degree of absorption in the bearing computes as:
Degree of power-absorption in the bearing

Assuming a relatively stiff bearing with small conductance and small susceptance, the power
absorption is proportional to the conductance. Measurements carried out by Fleischer [2006]
show that at least the conductance mostly remains below 0,01 s/kg – which is small compared
to the inverse of the wave-impedance of customary strings (1 – 10 s/kg). Fleischer does not
explicitly specify measurements regarding the susceptance, but the order of magnitude is
comparable for circle-shaped loci. In the example presented in Fig. 7.38, the conductance in
the minimum-phase system reaches values just above 0,15 s/kg; however, the absorption is
chosen to be untypically large in order to be able to depict the curves purposefully. For the
reflection comprising an all-pass, however, a rather different scenario emerges: here we get
conductance-values that are larger than the inverse of the wave-impedance. This is due to the
longitudinal (dilatational) waves already mentioned above – almost half of the power of the
transversal waves arriving at the bearing they can be converted into them (Chapter 7.5).
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The (at least theoretically) high importance of the presence of an all-pass is also shown by the
following measurement that had already been indicated in Fig. 7.34. In Fig. 7.39, we see a
segment from the spectrum of a string tuned to 152 Hz. The vertical grid-lines are matched to
the calculated frequencies of the partials as they would be present in a rigid string clamped
fixedly at its ends. Thus the spreading of partials caused by the bending stiffness is considered
here – the correspondence remains rather poor, though: the frequencies of 8 of the partials
clearly miss the calculated values, und there are 9 additional lines. Both the deviations and the
generation of additional partials are the result of the phase of the reflection-factor:
minimum-phase zeroes cause detuning, all-pass-behavior generates additional tones.

Abb. 7.39: Spectrum of a plucked string running
across a bearing saddle via a 45° bend angle.

We must, however, not imagine the sound-effect of the additional tone as an inharmonic
interference next to the actual guitar sound. If the level of such an additional tone is small, it
remains totally inaudible. Quantitatively, it is difficult to state anything here because the
psycho-acoustic masking mechanisms are highly complicated for complex stimuli. A
qualitative statement is easy to formulate: in every guitar sound, there are partials that are
visible in the spectrum but still remain inaudible. If they do become audible (given sufficient
level), they come across not as interference but as a change in sound color. For example, an
additional 3416-Hz-tone appearing next to a 3406-Hz-tone may cause a beating effect in this
frequency range. However, since inharmonic (spread out) spectra sound with a slight beating
effect anyway, the addition of an extra tone will at most make for a marginal change (as long
as the additional tone stays within certain limits). It is not possible to quantify this statement
further for your typical situation on stage (or in the studio) because there are too many
unknown influences: filters, amplifiers, loudspeakers, room resonances, etc.
Is it then purposeful at all to measure guitar-vibrations, since at the end there is (yet) no way
to give quantitative statements about the sound? Of course, measurements can only be
supplementary to listening experiments, and not a replacement. Measurement of vibrations
support (or refute) assumptions about models – and they therefore deliver building blocks for
a psycho-acoustical model about sound. This model at present only exists in rudimentary form
but takes shape as the findings progress. From a theoretical point of view, the exact
understanding of reflection processes naturally is indeed important: it allows for defining
reasons for abnormalities even if the latter do not become audible in every case. It is
reassuring to be able to in fact attribute an unexpected result to the investigated object, rather
than fearing that the equipment is at fault. We could call such a fault a “system-immanent
artifact”, but it would be disturbing just the same. Spectral analysis – as the basis for every
determination of partials – includes many artifacts that could massively influence the final
result. The spectrum calculated according to the classic Fourier-integral does not exist at all
for real tones: not many people are willing to wait the formally required infinite period of
time. Weighting windows create approximations within a finite time, but they do this at the
expense of un-ambiguity. Chapter 7.6 will address, in depth, the instrumentation analytics, but
first let us take a look at conductance- and absorption measurements for real guitars – given
all the above theory it will be good to now show some quantitative measurement results, as
well.
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7.5.4 Measurement results
Measuring the mechanical parameters of a string saddle is complicated because on the one
hand mode-coupling and dispersion lead to a large variety of parameters, and on the other
hand very high measurement accuracy is required. It does make a difference whether 99.8%
or 99.9% of the incoming energy is reflected. Given as little as 0.5% measurement error, a
degree of reflection of in excess of 100% could result – which of course is nonsense. The
analysis of the decay (of string vibration) would seem to offer a welcome alternative –
however, this allows only for statements relating to both string-bearings such that a
differentiation of nut/fret and bridge is not possible. Moreover, measuring the mechanical
impedance or admittance of the saddle shows only part of the picture since it captures neither
bending coupling (Chapter 2.7) nor the excitation of dilatational waves. The measurement
results given in the following therefore are a first step towards an analytical description of the
reflection process.
The measurement results for a Les Paul Standard are shown in Fig. 7.40. All 6 strings were in
place; the guitar rested on a stone table (with a mouse pad serving as a cushion). The
impedance measurement was done using a B&K-4810 shaker and a B&K-8001 impedance
head. The tracer pin of the impedance head was placed onto the bridge saddle of the A-string
in such a way that the impedance perpendicular to the fretboard could be measured.
Representation on paper with logarithmic scaling on both axes shows many resonance
maxima that are not all of interest in detail. The degree of absorption therefore is depicted
with linear ordinate scaling – to guide the focus to the essential.

2

Fig. 7.40: Conductance G and degree of absorptions a , measured at the A-bridge-saddle of a Gibson Les Paul
Standard. “Konduktanz” = conductance; “Leistungs-Absorptionsgrad” = degree of power absorption.

Essential is: below about 1 kHz, the absorption is very small, above 1 kHz several selective
maxima of the absorption show up. The degree of absorption is calculated for a wave
impedance of 0,7 Ns/m, approximately corresponding to that of an A-string. If we assume that
the nut has a similar absorption behavior as the bridge♣, there would be twice the absorption
loss per period of the fundamental (i.e. per 9 ms); with a2 = 9.5% this would give us an
increase in damping of 95 dB/s. On the other hand, e.g. a2 = 0,1% would yield as little as 1
dB/s. This example indicates the range of the absorption: 1 dB/s would for normal guitar
playing have the effect of almost non-existent damping (“endless sustain”), while 95 dB/s
would mean immediate complete loss of the tone. In reality, however, we cannot assume the
same absorption at nut and bridge, and therefore additional measurements are necessary at the
nut (see Fig. 7.41).
♣

This assumption does not correspond to reality, though – see below.
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Showing results for the nut of the Les Paul, Fig. 7.41 supplements the measurements of the
absorption behavior. Here, the highest absorption shows up in the low-frequency range – of
course we always need to consider how the selective absorption maxima correspond to the
frequencies of the partial of the strings [compare to Fleischer 2001].

2

Abb. 7.41: Conductance G and degree of absorption a , measured at the nut (A-string) of a Gibson Les Paul
Standard. “Konduktanz” = conductance; “Leistungs-Absorptionsgrad” = degree of power absorption.

Consolidating the degrees of absorption at both nut and bridge via computation, we get the
graphs depicted on Fig. 7.42. What causes these extreme maxima in the absorption?
Summarizing/simplifying a bit: the low-frequency absorptions result from resonances of
the neck, the high-frequency absorptions stem for bridge resonances. Fleischer has
clearly shown in several of his publications that it is not possible to manufacture a resonancefree guitar neck. At first glace, it may be surprising that even Gibson’s much-lauded Tune-OMatic bridge successfully operates as a vibration-killer at some frequencies – but in the end
that is a concession to the adjustability: many parts – many resonances.

Abb. 7.42: Overall degree of absorption for one period of the fundamental (A-string). Left: string supported by
nut and bridge. Right: string supported by 12th fret and bridge. Gibson Les Paul Standard.
“Leistungs-Absorptionsgrad” = degree of power absorption.

In his analyses of a Les Paul, Fleischer observed bending Eigen-shapes of the neck at 208 Hz
and 445 Hz – this is a good match to the absorption spectra shown above. For 208 Hz, a node
exists at the bridge and at the 10th fret. For 445 Hz, 3 nodes show: one at the bridge, one at the
12th fret and one at the 2nd fret. That there is no exact match between the measurement results
is not a surprise: first, it was not the same specimen of guitar, and second, the bearing of the
guitar was different. There is, however, a simple procedure to unambiguously identify the
guitar neck as reason for the absorptions: detuning its resonances by an additional mass.
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To accomplish this, a 250-g-vise was clamped to the headstock of the Les Paul – which
indeed re-tuned the low-frequency resonances (Fig. 7.43). There was, however, little
influence of this additional mass on the higher-frequency absorption maxima – the latter are
not caused by neck resonances but by resonances in the bridge. This was clarified via
measurements for which a metal clamp was mounted to the bridge (Fig. 7.43, right-hand part).
What was said above is again supported here: below 1 kHz neck resonances form selective
vibration absorbers, above 1 kHz the corresponding effect is the result of bridge resonances.

Fig. 7.43: Gibson Les Paul Standard, A-string. Degree of absorption calculated from the conductance
measurement. Left: degree of absorption at the nut, without (red –––) and with (black –––) vise clamped to the
headstock. Right: degree of absorption at the bridge, without (red –––) and with (black –––) a small clamp
mounted to the bridge. “Leistungs-Absorptionsgrad” = degree of power absorption.

At this point we do not seek to carry out any detailed modal analysis, but rather to outline the
principle of the absorption behavior at nut and bridge. The exact shape of the absorption
spectra depends on all involved masses, springs and dampers – it is specific to the individual
guitar, and string and fretting. We may assume the same mass for each of the bridge saddles
on the Gibson Tune-O-Matic bridge, but already their position on the adjustment screw, and
the area and condition of their seating (surface area!) is specific for each string. The bridge
itself, i.e. the part in which the bridge saddles are held, vibrates in the higher-frequency range
according to Eigen-modes, but these cannot be excited to the same degree from every point:
given a node, the admittance is small, and only little excitation happens. The conductance of
the A-bridge-piece will thus in detail be different from the conductance of the D-bridge-piece.

Fig. 7.44: Gibson Les Paul Standard: spectra of the degree of absorption for the individual bridge saddles.
“Leistungs-Absorptionsgrad” = degree of power absorption.
© M. Zollner & T. Zwicker 2019
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As common ground of all 6 measurements in Fig. 7.44, we recognize merely minute
absorption at low frequencies – only above about 1 kHz, individual maxima in the absorption
show. The height of these maxima depends on the measured conductance and the wave
impedance, for which in all graphs 0.7 Ns/m was taken as a basis. This is typical for the Astring – for all other strings, a different wave impedance should in fact have been used.
However, the decay behavior of the string depends not only on the degree of absorption but
also on the fundamental frequency. Since fundamental frequency of the string and wave
impedance are approximately reciprocal to each other, a string-specific consideration is not
imperative in this first step.
In view of an individual fit and position of every bridge saddle of the Tune-O-Matic bridge it
is, however, easily comprehensible that the absorption spectrum looks different for every
bridge saddle. On the other hand, we would not expect such differences for the nut, because
all 6 strings run over the same strip of plastic. Still, Fig. 7.45 shows that there are differences
here, was well: in the middle of the neck (for the D- and G-strings), the absorption is smaller
in the higher frequency range when compared to the edges of the neck (E2- and E4-strings).
Presumably, the distal strings (in contrast to the mesial♣ strings) can more efficiently excite
torsion-vibrations of the neck [Fleischer 2001].

Fig. 7.45: Gibson Les Paul Standard: spectra for the degree of absorption measured for the nut.
“Leistungs-Absorptionsgrad” = degree of power absorption.

When analyzing the saddle-absorptions, we must not forget one significant absorber: the
guitarist. To determine the above absorption spectra, the guitar was laid on a stone table
aiming for a low-attenuation fashion; in the following, external absorbers will also be
considered.
♣

Mesial: located towards the middle; distal: located towards the edge.
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There are mainly two external absorbers that act on a guitar: part of the back of the guitar
body is in contact with the body of the guitarist, and moreover the fretting hand dampens the
back of the neck. To approximately model these absorbers, the guitar was laid on the stone
table such that a large area of the cranial half of its the rear body rested on a soft mouse-pad,
and moreover a hand clasped the rear of the guitar neck at the 5th fret (without touching a
string). The effects of this additional damping are shown in Fig. 7.46.

Fig. 7.46: Gibson Les Paul Standard: spectra of degree of absorption measured at the nut (A2-slot).
Left: low-damping guitar bearing. Right: including typical external absorbers. Some frequencies of partials are
marked with dots (fG = 110Hz). “Leistungs-Absorptionsgrad” = degree of power absorption.

The additional absorbers reduce the height of the maxima in the spectrum of the degree of
absorption, and the peaks get broader. We may, however, not derive from these absorptionmaxima how these absorbers influence the decay of the string vibration – rather, the crucial
value is the degree of absorption at the frequencies of the partials (marked by the dots). It is
easy to see in particular for the guitar positioned on the low-attenuation support, that already a
minor de-tuning of the string may result in a considerable change in the degree of absorption.
Of course, the same holds for modification of body- and neck-parameters.

Abb. 7.47: Les Paul Std.: spectra of the degree of absorption measured for the bridge (A2-bridge-saddle).
Left: guitar on a low-attenuation support. Right: with typical external absorbers.
“Leistungs-Absorptionsgrad” = degree of power absorption.

However, it is almost impossible for the guitarist to influence the absorption behavior of the
bridge (Fig. 7.47) because the bridge is rarely touched when playing the guitar (translator’s
remark: in fact, this usually happens only when strong string damping is sought, anyway). In
contrast, some absorption maxima change if the bridge is shifted back and forth within the
slack resulting from manufacturing tolerances (compare to Fig. 7.40).
© M. Zollner & T. Zwicker 2019
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Via combining the nut- and bridge-absorption, we arrive at the overall degree of absorption of
a string, i.e. at the magnitude that represents the energy loss per period of the fundamental
oscillation (Fig. 7.48).

Abb. 7.48: Gibson Les Paul Standard: overall degree of absorption of the A-string, without (left) and with (right)
damping by the fretting hand. Frequency dependence calculated from conductance measurements.
“Gesamter Leistungs-Absorptionsgrad” = overall degree of power absorption.

Fig. 7.48 shows the overall degree of absorption for two cases: for the freely vibrating guitar
neck, and for the neck damped by the fretting hand. The A-string has a fundamental
frequency of 110 Hz, i.e. a basic period of 9.1 ms. If the string were to lose 8% of its vibration
energy per basic period, its oscillation level would drop by 40 dB per second – that would be
a strong damping. For 1% loss we would get a 4.8-dB-drop per second, and for 0.1%, 0.5
dB/s loss would remain. Two other processes need to be considered here, though: the degree
of absorption is only of significance at frequencies where the string offers Eigen-oscillations
(partials), and there are other absorption-mechanisms besides the absorption at the bearings
(Chapter 7.7).
The un-damped neck of the guitar investigated here shows a pronounced maximum of the
conductance (or the damping) at 200 Hz – this is close to the 2nd partial (220 Hz) of the Astring. If this resonance frequency (or the frequency of the partial – e.g. when tuning down) is
detuned by as little as a few percent, the absorption for this partial changes significantly. All
maxima seen in the figure are of a relatively narrow-band characteristic, and therefore the
damping of the partial that occurs in the end depends strongly on minute de-tuning effects.
As the fretting hand touches the backside of the guitar neck (not something entirely unheard
of when playing a guitar), the low-frequency peaks become wider and the extreme frequencydependency decreases somewhat. The damping of the first 5 partials is, however, increased.
Last, it should be mentioned that for wound strings, the exact frequencies of the partials of the
strings depend on both the string-diameter and the ratio of core-diameter to overall-diameter.
The inharmonicity-parameter (b in Fig. 1.7) determines the spreading of the spectrum, and
thus the exact position of the individual partials. The damping of a certain partial therefore
is a highly fragile quantity that depends on many parameters and may not be seen as a
guitar-specific constant.
Chapters 7.7 and 7.12 will investigate the individual damping mechanisms in detail.
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7.6 Instrumentation for Vibration-Measurements
Every theoretical description has to face up to an evaluation via practical application. Of
course, an equation representing a vibration will never completely cover the motion of a real
string – but it does not have to, either, because that would make everything infinitely
complicated. Rather, mathematics offer theoretical models, and it is the job of practical
application to recognize the limitations of these models. The following chapters are to assist,
and avoid that this practical evaluation does not itself become a source of uncertainty.
7.6.1 Impedance- / admittance-measurements
The mechanical impedance Z = F / v is calculated as the quotient of force and particlevelocity; the admittance is the reciprocal. The impedance-head is a typical sensor for
measuring the impedance; in the case of the B&K 8001 we have a thimble-sized cylinder that
contains, in its interior, two piezo-crystals. These crystals measure force and acceleration,
with the latter yielding the velocity via integration over time. Now, any measurement will
affect the value to be measured: sometimes almost not at all (for example radiation pressure in
contact-free laser measurements), but sometimes significantly, as it happens e.g. in impedance
measurements. This is due to the fact that the force sensor is not located directly at the
measuring point but within the impedance head. From the force sensor, the connection to the
external world is made via a rubber-cushioned nut. Since there is no mass-free nut, about 1 g
of parasitic mass m0 needs to be considered. If measurements at higher frequencies are the
objective, further artifacts join the list. Fig. 7.49 shows a measurement with the impedance
head in the no-load condition:
Fig. 7.49: Left: magnitude of the co-vibrating
complex mass F / a of the impedance head.
Below: Force-flow-diagram of the equivalent
systems. “Leerer Impedanzkopf” = impedance head
by itself; “Dynamische Masse” = dynamic mass.

Depicted is the magnitude of the complex mass of just shy of 1 g. A tracer pin screwed into
the nut increases the mass further so that in total 1.3 g of parasitic mass show up. This mass
appears to act ahead of the measuring object (between impedance head and measuring
object). In the force-flow-diagram, m0 is connected in parallel to the device under test,
because the flow-quantity force [3] is divided into two paths: the inertia-force for m0, and the
force FM towards the measuring object: F = a⋅m0 + FM. The impedance ZM of the device under
test is increased that way: Z = ZM + jωm0. The manufacturer is aware of this issue and
therefore offers the mass-compensation-unit B&K 5565. Using the latter is not without its
pitfalls, but we shall not go into more detail here: from today’s point-of-view, the 5565 is outdated. Also, the whimsicalities of polarity (the B&K 2625 inverts, the B&K 2623 does not)
shall be mentioned here only in passing in this one sentence, although its disregard can cost
you half your leave days …
© M. Zollner & T. Zwicker 2019
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In Chapter 6, an up-to-date variant of the mass-compensation has already been introduced,
and therefore we will look here merely at the effects of an uncompensated parasitic mass.
Dividing the impedance Z into its real part R and its imaginary part X, we see that ωm0
merely increases the reactance X. Therefore, if only the resistance R is of interest, we can do
entirely without any mass compensation. For the admittance Y, however, ωm0 has effects on
the susceptance B and the conductance G:
; with

.

The conductance G = Re(YM) of the device under test becomes a complicated term that
corresponds to G merely in exceptional cases, and even then only in approximation
(denumerator → 1). Generally, the discrepancy continues to decrease the smaller the parasitic
mass m0 is, and the lower the frequency becomes. Fig. 7.50 shows the effects a 2-g-mass has
on the calculation of conductance. Since it is difficult to predict how large the measurement
errors will become without mass compensation, it is preferable to measure admittances
generally only with mass-compensation.

Fig. 7.50: Conductance without (––) und with (----)
2 g parasitic additional mass. At 1.7 kHz, the
interaction of bearing suspension and additional
mass results in an additional resonance peak.

For all analyses presented here, the force- and acceleration-signals of the impedance head
were recorded using a Cortex CF-100 workstation; the mass-compensation was calculated
using a Hilbert-transform. The typical noise-spectrum of the setup is shown in Fig. 7.51:
clearly the intrinsic noise is negligible compared to the noise generated by the sensor. With
400 mV/N and 35 mV/g, the impedance head we used was sufficiently sensitive to capture
small signals, as well – a dynamic-optimization adapted to the respective problem was
nevertheless required for the corresponding measurements.

Fig. 7.51: 1/3rd-oct. analysis of the system noise:
impedance head with charge amplifier (–––);
analyzer Cortex CF-100 (----). 0 dBµ ↔ 1 µV.
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Optimizing dynamics means adapting the dynamic range of the signal to the dynamic range
of the system: on one hand we prevent weak signals from disappearing into noise while on the
other hand avoiding overdrive in the signal paths. Usually, this works well for measurements
taken at merely one frequency, but it may become an issue for broadband measurements. Fig.
7.52 shows force and acceleration for the impedance head without load; both magnitudes
change only by a factor of 1:20 across the frequency range – this is well manageable.

Fig. 7.52: Mechanical no-load condition: force and acceleration (left); dynamic mass (right); UShaker = 2 Veff.
“Impedanzkopf mit Taststift = impedance head including tracer pin; “Dynamische Masse” = dynamic mass

An impedance head in the no-load condition (open circuit, load impedance = 0) represents
one extreme; the other extreme would be the firmly fixed head (short ckt, load imped. = ∞).
The parasitic mass shows up for the open circuit, and the stiffness of the tracer pin can be
seen for the short circuit – although only in approximation because a counter-bearing at
complete rest is impossible to realize. To measure the stiffness, the tracer pin was set against a
stone table of 200 kg; the result is shown in Fig. 7.53: we find a stiffness of s = 6 MN/m that
– in conjunction with the parasitic mass (1.3 gram) – results in a resonance at 11 kHz. The
force varied by a factor of 1000 in this measurement – given the dynamic range of the
analyzer (100 dB), this should not be a problem. However, calculating the voltage generated
by the sensor (400 mV/N) for a force of 1 mN, we arrive at merely 400 µV: for the broadband
measurement, this is below the noise floor of the older charge amplifier (2625) used for this
measurement. Still, the coherent averaging following the Hilbert transform manages to find a
resonance at 11 kHz. The force minimum is not correctly identified in the broadband
measurement, though: merely noise is detected (Fig. 7.53; selective meas’mnt → Fig. 7.56a).

Abb. 7.53: Mechanical short circuit: force and acceleration (left, broadband), magnitude of the impedance (right,
frequency-selective); UShaker = 0,1 Veff. “Impedanzkopf” = impedance head; “Kurzschluss” = short circuit;
“Impedanz-Betrag” = magnitude of impedance
© M. Zollner & T. Zwicker 2019
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It is difficult to foresee from which level of excitation-amplitude a structure will generate
significant non-linearities. In any case, the drive-level limit given in the datasheet of the
shaker must never be taken as a guide value for linear behavior. The maximum admissible
supply voltage of 7 Veff (B&K 4810) is a thermal limit that would have led to completely
useless results of the present measurements. Even at merely 0,25 Veff, pronounced nonlinearities showed up in the vicinity of the 1.9-kHz-peak, and only at 0.1 Veff the nonlinear
distortion was sufficiently small – but now the noise was too strong. This led to the question
which control signal would be optimal.
The two classical excitation signals for measurements of the frequency response are sweep
and pseudo-noise. For the sweep, the frequency of a sine tone increases over time, with the
amplitude remaining constant. Pseudo noise is a special noise repeating after a period T. The
density spectrum of the pseudo noise is constant (white), and its periodicity corresponds to the
block length of the DFT-analysis (e.g. at 48 kHz sampling rate and N = 4096 ⇒ T = 85,3 ms).
Due to the strong time-variance of the short-term spectrum, time-weighing windows have to
(!) be dispensed with – however, this does not pose any disadvantage because due to the
identical periodicity there is no leakage. Also suitable is true stochastic noise (normal- or
equal-distributed); however, this signal requires windowing and averaging.
Fundamentally, the frequency response of signal- and system-quantities may be explored via
three different approaches: first, selective excitation and broadband measurement; second,
broadband excitation and selective measurement, and third, selective excitation and selective
measurement. Your typical sweep-measurement belongs to the first group, your typical noiseexcitation to the second. Both approaches have disadvantages in case the system shows
substantial non-linearities. A broadband measurement with sweep excitation may preclude
capturing selective minima, as seen around 11 kHz for the force measurement in Fig. 7.53.
Here, excitation via noise paired with selective analysis will deliver better results – but it may
lead to arriving at the wrong conclusions in case of distortions: any signal limiting occurring
at 1 kHz will change the results of the analysis at other frequencies. As a example, an arctanfunction is inserted as a non-linearity into a band-pass system: the transfer function
determined via DFT is bent more and more with increasing distortion – however, this happens
not predominantly at 1 kHz, but at 3 kHz (k3) and at low frequencies (difference tones). If this
non-linearity would be connected in the signal flow ahead of the band pass, the measurement
results would be useless – in their entirety, even.

Fig. 7.54: System analysis with pseudo-noise and DFT: no/weak/strong non-linearity (left to right).

If mechanical systems are to be analyzed across several frequency decades, the measured
quantity may vary by 105; a harmonic distortion of a “mere” 0.1% will become a serious issue
here. The analyzer may have a harmonic distortion of 0.001% but the sensor is not likely to
be up to this. Moreover, the distortion in the actor may even exceed 1%.
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If limiting is introduced to the sweep-sine-signal by an arctan-function (non-linearity ahead
of the system resonance), we get a different result: for frequencies around 333 Hz, the
resonance amplifies the 3rd harmonic that is created by the non-linearity, while the higher
frequency range is void of any selective errors (Fig. 7.55). If the non-linear limiting happens
post-system-resonance, there is a tendency to represent the maxima with too small a value.

Fig. 7.55: System analysis using sweep: no/weak/stronger non-linearity ahead of the resonance (left to right).

The sweep measurement is least sensitive to non-linearities if the output signal of the system
to be measured is filtered with a narrow-band tracking filter (selective excitation, selective
measurement). For particularly pronounced signal dynamics, the frequency dependence of the
sweep amplitude may additionally be matched to the system. Of course, corresponding
filtering is possible for pseudo-noise, as well, since the periodicity does not change due to
this. Fig. 7.56a compares sweep measurements with and without tracking filter – the result
speaks for itself.

Fig. 7.56a: Force measurement; probe tip directed
against the stone table. Without (----) and with (––––)
tracking filter. The force changes by 1:70000 across
the frequency range; such a large dynamic range is
only manageable with a selective measurement.
“Impedanzkopf “ = impedance head, “Kraft” = force

Fig. 7.56 b: Acceleration measurement, as given in
Fig. 7.6.8a. Without (----) and with (––––) tracking
filter. At 600Hz and 900Hz, non-linearities excite the
1800-Hz-resonance.
“Impedanzkopf” = impedance head;
“Beschleunigung” = acceleration

During mechanical impedance measurements, interruptions in the force flux are a particular
problem. The probe pin of the shaker cannot be welded to the guitar bridge (or fret) but it is
pressed to the object using a constant load offset. For the B&K 4810, the largest admissible
force is about 6 N. In this situation the shaker is already deflected to its limit, though,
operating with strong non-linearity. A 3-N-offset would be the optimal theoretical value, with
an alternating force of at the most 2 Neff superimposed. Reducing the offset carries the risk
that the probe pin lifts off, while increasing the offset will generate single sided force
limitations (i.e. non-linearities). Sometimes there is the possibility to generate a load offset via
supplementary spring; the force of this spring should not be included in the measurement.
© M. Zollner & T. Zwicker 2019

Translated by Tilmann Zwicker

7-56

7. Neck and body of the guitar

7.6.2 The spectrum of decaying partials
An ideal, un-damped vibration of a string has a harmonic spectrum and may be represented
by a Fourier-series without much effort. In a real string, however, several damping
mechanisms are at work at the same time: the string itself radiates sound, heat is generated in
its interior, and in the bearings, active power is withdrawn from the vibration of the string.
The amplitudes of the partials (constants in the Fourier-series) become time-dependent, and
the string vibration looses its periodicity. The standard tool for analyzing non-periodic
vibrations is the Fourier integral comprising a special window-weighing. Choosing the
parameters of the analysis, though, we run into the classic conflict of goals that cannot always
be resolved satisfactorily: using a short window duration, the leakage effect broadens the
frequency lines, but a long window duration will deteriorate the time resolution too much. If
all partials were regularly spread out (Chapter 1.3), we would possibly be able to find an
acceptable compromise, but the allpass-driven generation of additional tones requires an
analysis with bands as narrow as possible (compare to Fig. 7.39).
As its amplitude becomes time-variant, the spectral line of a continuous tone (represented as a
Dirac in the density spectrum) turns into an infinitely broad, continuous spectrum [6]. For the
exponential decay process, the Dirac line needs to be convolved with the Fourier-transform of
the e-function; the parameter of the latter is the time constant τ:
;

Fig. 7.57: Time function and spectrum of an exponentially decaying cosine-tone; f = 100 Hz, τ = 200ms.

The faster the tone decays (i.e. the smaller τ is), the broader the spectrum will be in the
relevant level range. Fig. 7.57 depicts time function and spectrum of a decaying 100-Hz-tone.
In support of a purposeful presentation, the time constant is – at 200 ms – chosen to be
relatively short; in guitar strings, values of in excess of 5 s are possible. The widening of the
spectrum in Fig. 5.57 must not be confused with your typical DFT-leakage; rather, it results
purely from the decrease of the amplitude over time. If we cut a DFT-frame (block) starting
at t = 0 from the infinitely long time function, and transform it into the spectral domain (shortterm spectrum), this weighing over time results in an additional convolution in the frequency
domain. This is the leakage – an additional diffluence of the spectrum particularly noticeable
in the area of the peak. The shorter the DFT-frame, the stronger the spectral diffluence is –
with the shape of the weighing function over time (window function) to be considered as a
further parameter.
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Instead of convolving the spectral line twice, it is usually easier to interpret the DFT as a
filtering analysis. The transfer function of the analysis filter is the Fourier-transform of the
window function. Fig. 7.58 presents the spectrum of a decaying two-tone-signal, and the
frequency response caused by the filter-effect of a Kaiser-window♣: on the left for a 4-k-DFT,
on the right for a 16-k-DFT. We can clearly see that the 4-k-DFT will not be able to separate
the closely adjoining lines, and even a 16-k-DFT will not be able to deliver the perfect result.
There are two reasons for this: the window-lobe is still relatively wide, and moreover the
spectra of the two decaying tones will overlap. The smaller the distance in frequency, and the
faster the decay process, the more difficult the analysis becomes. From the figure, we can also
clearly see a further issue specifically present for the Kaiser window used here: the side lobes.
While the latter may be reduced in height by choosing a larger window-parameter (β), this
change will, however, further widen the window-lobe even more.

Fig. 7.58: Two-tone signal (100 Hz, 104 Hz, τ = 0.5s), Kaiser-window (β = 5), sampling frequency 48 kHz.

A decaying partial may be described by four parameters: frequency, level, phase and time
constant. The phase of real guitar tones is of minor importance for the sound (compare to
Chapter 8.2.5) – however, all three other parameters should be identifiable with high accuracy
via a spectral analysis. If it nevertheless does not work out that way, the fault does usually not
lie with the analyzer but with the measuring principle.
Each DFT shows special level errors that may well amount to 1.4 dB for a Hanning window:
this is known and for the most part acceptable. If not: there are many alternatives with a level
error smaller than 1 dB. This is for continuous tones, though! Because for all other signals
much larger level errors may result – otherwise we would work exclusively with the flat-top
window. Every window has its specific advantages and disadvantages, the awareness of
which singles out the expert. Tried and tested are the Blackman-Harris windows, and the
Kaiser windows – the parameter of the latter is not consistently specified, though. Not all
windows have such a parameter. If it exists, it is useful to search for a compromise between
strong attenuation of the side lobes, and small bandwidth of the widow. Enlarging the
parameter increases the dynamic range of the measurements but deteriorates the spectral
selectivity. The parameter should therefore be chosen such that a dynamic range of about 40 –
60 dB is obtained.
The following table offers a short overview regarding some important window parameters.
More extensive details may be found in specialist literature.

♣

Parameter-definition as customary in MATLAB
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Table: Data of common-place DFT-windows [from M. Zollner: Signalverarbeitung, HS-Regensburg, 2010].

SLA
Rectangle
Triangle
Exponential α = 1
2
3
4
Hanning
Hamming
Rosenfeld
Gauss
α = 2.50
3.16
3.76
4.32
Blackman exact
"
approx
Blackm.-H. 3/62
3/71
4/74
4/92
Nuttall
3/47
3/64
4/61
4/83
4/93
4/98
Kaiser-Bessel 1.74
2.60
3.42
4.22
Flat-Top
40
60
80
100
Dolph-Tsch. 2.4
3.4
4.4
5.4
Barcilon-T. 2.21
3.26
4.27
5.30

dB
13.26
26.52
12.6
10.8
−
−
31.47
42.68
48.4
(40)
60
80
100
68.24
58.11
62.05
70.83
74.39
92.01
46.74
64.19
60.95
82.60
93.22
98.17
40
60
80
100
40
60
80
100
40
60
80
100
40
60
80
100

SLA
= Sidelobe Attenuation
MLW = Mainlobe Width
Ripple = Level error
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MLW
lines
1.62
3.24
1.72
2.16
−
−
3.37
3.83
5.78
(5.9)
7.1
10.4
13.9
5.87
5.64
5.38
5.91
6.43
7.88
5.78
5.88
7.79
7.88
7.92
7.33
3.84
5.45
7.03
8.60
5.34
7.01
8.78
10.29
3.80
5.26
6.68
8.06
3.71
5.18
6.60
7.98

Ripple
dB
3.92
1.82
3.65
3.03
2.35
1.77
1.42
1.75
0.90
1.58
1.06
0.76
0.57
1.15
1.10
1.27
1.13
1.03
0.83
0.86
1.05
0.62
0.73
0.81
0.85
1.63
1.16
0.91
0.75
0.05
0.05
0.05
0.05
1.78
1.29
1.03
0.88
1.74
1.27
1.01
0.85

BW
dB
0
1.25
0.34
1.18
2.19
3.17
1.76
1.34
2.81
1.60
2.53
3.27
3.87
2.29
2.37
2.07
2.33
2.54
3.02
2.89
2.49
3.64
3.27
3.06
2.96
1.49
2.26
2.81
3.25
4.44
4.97
5.40
5.69
1.55
2.07
2.61
3.04
1.38
2.12
2.65
3.08

BW
FM
PM

FM
1.000
0.500
0.632
0.432
0.317
0.246
0.500
0.540
0.381
0.495
0.396
0.333
0.290
0.427
0.420
0.450
0.423
0.402
0.359
0.375
0.409
0.313
0.339
0.356
0.364
0.533
0.431
0.378
0.340
0.299
0.260
0.233
0.216
0.537
0.450
0.395
0.356
0.536
0.446
0.391
0.353

PM
1.000
0.333
0.432
0.246
0.166
0.125
0.375
0.397
0.277
0.354
0.281
0.235
0.205
0.308
0.305
0.326
0.306
0.290
0.258
0.273
0.296
0.226
0.244
0.256
0.261
0.385
0.313
0.272
0.245
0.247
0.212
0.188
0.173
0.412
0.326
0.285
0.256
0.395
0.324
0.282
0.254

= Power bandwidth in dB
= window mean value
= power mean value
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The window parameters may be calculated either from the time function of the window
,
or from the spectral window function
. The time functions of the window are always
amplitude-normalized, i.e. their maximum value is 1. The zero-point for time is located in
the middle of the window for all symmetric windows; for unsymmetrical windows it is at the
beginning of the window. The term polynomial window characterizes symmetrical windows
the time function of which may be described as a superposition of cosine functions:

Formulae for polynomial window

⇓
Mean value of window FM:

FM is the linear mean value. Max(w)/FM is termed coherent gain in English language literature

Power mean value PM:

PM is the mean value across the squares of the weighing function.

Effective bandwidth

Often,

:

is referenced to the line-width Δf : BWL = Beff / Δf; BWdB = 10lg(BWL)dB.

Effective duration

:

[for Max(w)=1]

Often,

is referenced to the duration T of the window: T% = Teff ⋅100% / T.
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Side lobe attenuation SLA:

For the Kaiser-Bessel-window shown here, SLA is 60dB; for the Flat-Top-window it is 91 dB.

Main lobe width MLW:

MLW is specified as multiple of the line distance; in the example: MLW = 2⋅1.87 = 3.74

Level error

(Ripple, Scallop loss):

The level error is determined at half the line-distance; in the example: ΔL = 1,4 dB

Further reading:
Brigham E.:
Gade S.:
Harris F.:
Papoulis A.:
Zollner M.:
Zollner M.:

Δ

FFT - Schnelle Fourier Transformation, Oldenbourg 1985
Use of weighting functions in DFT-Analysis, B&K T. Rev. 387
Use of windows for harmonic analysis, Proc. IEEE, Vol.66, 1/1978Δ
The Fourier Integral and its Applications, McGraw-Hill, 1962
Signalverarbeitung, Hochschule Regensburg, 2010
Frequenzanalyse, Hochschule Regensburg, 2010.

This (actually very good) publication contains a number of typing and drawing errors!
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If you trust the DFT, you will expect the frequency of a partial to coincide with the local
maxima of the magnitude spectrum. Fig. 7.59 clarifies that this is not necessarily the case: the
spectrum of the decaying two-tone signal indeed contains two maxima but these are not
located exactly at the frequencies of the two partials. Nor is it evident that, at t = 0, both
partials have the same level. Looking at the theory, it does of course work out: since the
higher-frequency partial decays faster, its energy within the DFT-frame is lower. However,
this cannot be gathered from the figure without knowledge about the signal – and as a rule
you will want to analyze unknown signals.

Fig. 7.59: Decaying two-tone signal: f1 = 3000 Hz, τ1 = 0.4 s, f2 = 3006 Hz, τ2 = 0.1 s; u = u1 + u2. On the left,
the time-envelope is shown; on the right we see the level-spectrum. On the right, two vertical lines mark the
frequencies of the two partials.

It is not possible to gather the decay time-constant from one single spectrum although it must
somehow be contained in the latter. Since that is not the case in an obvious way, we put
together a spectral array in which the level is registered as a function of time and frequency.
To assemble the array, the window is shifted along the time axis (possibly with overlaps) with
the shift yielding the abscissa-value for the representation of the level decay. We do hit one
snag, though: a purposeful spectrum cannot be obtained for a point in time (the spectrum of a
Dirac is of “white” characteristic) – spectral analysis is meaningful only for a time range (the
frame). To derive the decay of a partial from the DFT, we therefore need to know whether the
zero on the time axis is allocated to the start, or the middle, or the end of the frame. In the
following, we always use the middle of the window as a reference; consequently the level
decay cannot be represented from t = 0. Given a sampling frequency of 48 kHz, 8192 sample
points result a window duration of already 170 ms, and the first spectrum therefore needs to
be assigned to t = 85 ms. This exposes a fundamental issue of every short-term DFT: in order
to obtain a high resolution with respect to time, the frame needs to be short (e.g. N = 256), but
this leaves the spectral resolution lacking. A longer frame (for example a 32-k-DFT) yields
good spectral resolution … but now the time-resolution leaves much to be desired.
So as not to dwell too extensively on synthetic signals, we shall now analyze recordings of a
real guitar string (∅ = 0,7 mm, M = 68 cm, f = 152 Hz). It was stretched across a stone table
with steel cylinders (∅ = 3 mm) serving as bearings (i.e. representing nut and bridge). The
bend angle was 17°. A laser-vibrometer took measurements of the transversal vibration at a
position of 9 mm from the “nut”. The string was struck in impulse-fashion very close to the
“bridge”. String, strike direction, and laser beam all were in the same plane. The laser signal
was sampled and recorded with 48 kHz; the subsequent evaluations were done using
MATLAB. The low partial showed regular decay – irregularities start from about 3 kHz.
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Fig. 7.60 shows, on the upper left, an excerpt from a level spectrum, and next to it the decay
of the 3633-Hz-partial derived from the DFT-array. This spectrum alone would not
compellingly reveal any irregular decay of the tone; the short-term DFT, however, shows
intense beating. If we change the DFT parameters (only the number of the points shall be
varied here), entirely different decay curves result. These have again a different shape if the
type of window is changed. With N = 8192, we see not one partial at 3633 Hz, but two – the
corresponding levels do still not decay in a linear fashion, though. They show a beating, and
thus more partials must exist. The latter can, however, not be isolated even with N = 32768.
The window duration amounted already to 0.68 s, so that not much room remained for any
further time-shifting within the signal duration of 1 s. By the way: it should not bother us that
the minima cannot be reproduced with precision: they result from an interference that is
highly sensitive to variations in attenuation. Moreover, it is actually a characteristic of a
window to attenuate partials.

Fig. 7.60: Spectrum (left). Level decay (right) of individual DFT lines. Kaiser-window (MATLAB).

Translated by Tilmann Zwicker

© M. Zollner & T. Zwicker 2019

7.6 Instrumentation for vibration-measurements

7-63

Now, which spectrum is the correct one? Of course, they are all correct – there is an infinite
number of (correct) short-term spectra. Which one is purposeful? That question is much more
difficult to answer. Counter-question: purposeful for what? Investigating causes, or effects, or
mechanics, or psychoacoustics? To determine Eigen-frequencies, a DFT with a high number
of points is usually chosen; for the perceived sound, however, the exact frequency of a tone is
only of indirect importance. Two tones of small frequency distance are not perceived as
detuned but as beating i.e. as a temporal rather than a spectral effect. Therefore, the structure
in time will be more interesting for investigations into sound, and short DFT-lengths will be
preferable – knowing full well that psychoacoustics still have a hard time with complex
sounds. On the market for psychoacoustics-analyzers we see devices competing with each
other that have very different analysis filters, we see gamma-tone filters put next to 1/3rdoctave-like critical-band filters as if they were equivalent, we see specific loudness calculated
via 6-pole reference filters or via true critical-band filters, we see no importance given to the
filter phase at all. A rough indication may be determined that way – but not subtle differences
in sound. The cochlea is a time-variant, non-linear system the transmission characteristic of
which (i.e. frequency response of phase and amplitude) is influenced by the sound signal. In
contrast, customary analyzers use time-invariant filters, and if they at all calculate the nonlinear fanning out of the upper masking flank (as it is found in the hearing system), they do so
after the fact as a correction into the signal flow. This approach works for relatively simple
signals but gives merely an orientation for complex sounds.
Since evidently it is not possible to determine all partials of a guitar tone metrologically, it is
not recommended to try and achieve an ever better frequency resolution via an ever increasing
number of DFT-points. Rather, we could consider whether it is at all purposeful to seek to
expand a signal that consists – in the model – of a series of decaying inharmonic partials, into
a series of non-decaying partials! In fact, this is what the DFT-algorithm will do: the process
of the Fourier-integral seeks to find steady tones, and it determines the corresponding
amplitudes, frequencies and phases. There is no mention of any decay constant. For causal
time-functions – the Fourier-transform of which does not include any poles on the jω-axis –
the Laplace-transform may be specified as alternative to the Fourier-transform. This
theoretically opens up the possibility to search for residuals, and derived from that a
description via poles in the complex p-plane. Among other aspects, MATLAB offers – with the
Prony-algorithm – a possibility to determine from a signal directly the poles and zeroes of an
ARMA-Model (IIR/FIR-filter), and thus to find the Eigen-frequencies and attenuation factors
of individual partials. In order not to stress this algorithm too much, it appears purposeful to
feed the signal through a band-pass filter first of all, such that only few partials (difficult to
separate) remain. Still, it must not be expected that now all signals can be analyzed as desired:
each process includes system-immanent artifacts, and with increasing complexity of the
signal, these artifacts become more complex, as well♣.
In order not to drown completely in the mist of the speculative, here are two
recommendations: for the analysis of low-frequency partials, the DFT is well suited. It may be
deployed for the bass strings up to about 1 kHz and for the treble strings up to about 2 kHz. In
the higher frequency ranges, it may be purposeful to additionally carry out a 1/3rd-octave
analysis that is better adaptable to time effects. Not of any purpose is a loudness analysis of
the pickup signal: it never reaches the hearing system in this form!

This highly general statement even leaves room for a seemingly philosophical question: is a square signal very
complex because it is composed from an infinite number of sine tones, as is generally known, or is the sine-tone
the more complex signal because it may be summed up from an infinite number of square signals?
♣
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The bandwidths of 1/3rd-octave filters (23%) approximately correspond to the bandwidths of
the filters found in the hearing system for frequencies above 500 Hz. Therefore, combining
neighboring partials into one analysis channel rests on a similar basis. Also, a 1/3rd-octave
filter will share with the critical-band filter the characteristic that a very low priority is given
to phase responses.
The Volagramm♣ gives a clear (yet somewhat arbitrary) representation. It shows the decay of
individual partials (in fact: DFT-lines) as a difference spectrum: L(f, t + Δt) – L(f, t). Fig. 7.61
conveys an idea of this approach: level differences were calculated for 4 DFT-spectra
(determined for 0 / 170 / 340 / 510 ms) and outlined as polylines. On the left, we see a rather
regular decay of the partials, as time passes, the polylines fan out downwards because higherfrequency partials decay more quickly that the lower-frequency ones. On the right, more
pronounced irregularities can be seen – caused by fluctuating envelopes of the partials. This
representation is not unambiguous because both the type of window and the time-spacing are
chosen arbitrarily – but it does provide a quick orientation across frequency ranges of interest.

Fig. 7.61: Volagrams: string mounted on the stone table; ends of the string clamped (left) and supported (right).
0,7-mm-string, fG = 150 Hz, Δt = 170 / 340 / 510 ms, N = 4096, Matlab-Kaiser-window (β = 12).
As ordinate, the attenuation is shown; as time progresses, the polyline fans out downward.

7.6.3 The decay time T30
There are several possibilities to quantitatively describe the attenuation in a resonance circuit:
degree of damping, time constant, loss factor, logarithmic decrement, measure of decay, or Qfactor. The vibration of a spring-mass-system damped by Stokes-friction will decay
exponentially after excitation by an impulse:
;

τ = time-constant

The full designation for the time-constant used in this formula is amplitude-time-constant
because it describes the decay of the amplitude. The power also decays exponentially for this
vibration, but because power has a square-dependency on the amplitude, the time constant for
the power decay will be different: this so-called power-time-constant is half the other timeconstant. Standardized sound measurements use e.g. a power-time-constant of 125 ms in the
“Fast”-mode of averaging; the corresponding amplitude-time-constant is 250 ms. A timeconstant specifies the period of time during which the quantity characterized with it decays to
1/e = 0.368. Alternatively, a decay to other specific values may be given – such as is practice
e.g. with the reverberation-time TN used in room acoustics. During TN, the signal level drops
by 60 dB (i.e. the amplitude drops to 1/1000). Since such a drastic drop is lacking in practical
relevance for musical tones, Fleischer [9] has proposed 30 dB as decay-time T30.

♣

volare = to disappear, to be volatile, to decay (latin); graphein = to draw (greek).
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The decay-time must, however, not be understood such that we pluck the string and then wait
until the level has dropped off by 30 dB. Rather, we have to form a smoothed straight line in
the L(t)-diagram, the gradient of which results in the decay-time. On the left in Fig. 7.62, we
see a perfectly linear level decay. With an exponential decay of the amplitude over time, the
level (i.e. the logarithm of the amplitude) will decrease linearly over time. The decay-rate –
the negative gradient of the curve – is 8.7 dB/s in this example; the time-constant is 1 s and
the decay-time is 3.45 s.

Fig. 7.62: Various decay processes.

The centre curve shows the level decay of a beating signal: after 0.31 s, the level has dropped
(relative to the initial value) by 30 dB for the first time. This is, however, not the decay-time –
that amounts to 3.45 s just as in the example on the left and is calculated via the (dashed)
envelope. Such beats occur if two partials of the same initial amplitude and the same
damping, but with slightly different frequencies, decay jointly. In this example it is not
difficult to find an envelope for the maxima of the curve, and to determine its gradient. The
process become more difficult if the periodicity of the beat is much longer, e.g. if the first
minimum is only reached after 5 s. It may be impossible to determine the level values of
subsequent maxima because the signal has already become too small and disappears in the
ever-present noise.
The analysis of the decay becomes even more problematic if partials of very different timeconstants decay (Fig. 7.62, right). We could determine T30 from the initial slope (as it would
be done in room acoustics for the early-decay-time), or from the final slope, or we could –
after all – take the point in time when L passes through -30 dB. In the case of a combination
of beats and different time-constants this could easily lead to an unusable T30-value, though.
In most cases, the decay-time is a highly useful measure to describe decay processes or
attenuation. Still, in some special scenarios it may not be purposeful. Therefore, caution is
advised especially when using programs that automatically calculate d T30.
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7.7 Absorption of String Oscillations
When plucked, a string registers an input of a few mW´s of potential energy that will be
converted into heat while the string remains oscillating. This dissipation is based on several
mechanisms, some of which have their origin in the string itself and some in its immediate
surroundings. While Chapters 1 and 2 encompassed the un-damped wave propagation, we
will now focus on individual damping mechanisms in more detail. According to the
predominant opinion in musicians’ circles, it is the body wood that causes the damping of
string oscillations. Highly desirable is long sustain, i.e. a long lasting decay process of a
plucked string; however, allegedly not all woods will cooperate with the musician as desired.
Whether indeed the wood itself represents the main cause of the damping of string oscillations
(and therefore also shapes the sound) will be the subject of the following chapters.
7.7.1 Attenuation by radiation
The oscillation energy of the string is reduced, among other factors, by the fact that a
frictional resistance must be overcome when moving in air – if the string were to oscillate in a
vacuum this resistance would not be present (i.e. nil). This effective resistance can be seen as
the real part of the complex radiation impedance – its imaginary part, a tiny mass, may be
ignored. The real part dampens the string oscillation; it therefore is termed air damping.
Given a damped oscillation with an exponentially decreasing amplitude, the decay speed can
be defined via the time constant τ, or its reciprocal, the decay coefficient δ = 1/τ . These
terms contain a constant term (D0) and a frequency-dependent term (
). According to
Stokes (summary in [1]), the following holds:

Herein ρair and νair are, respectively, the density and the kinematic viscosity of air; ρ is the
density of the string and D is the string diameter. Fletcher/Rossing [1] combine both
attenuation terms into one formula, therein specifying the decay time constant of the energy.
In order to avoid confusion, only the decay time♣ T30 = 3.45/δ shall be used in the following.
Given 7.9 g /cm3 (not an unusual value for the density of steel) for solid strings and 7.1 g /
cm3 for wound strings, the frequency-dependencies of the decay time T30 of the partials are
obtained as shown in Fig. 7.63. According to the above formula, T30 approximately depends
on the reciprocal of the square root of the frequency, and on the reciprocal of the string
diameter – sets of heavier strings give a longer sustain (in this respect!). We arrive at a decay
time of about 80 s for the fundamental of the E2-string (0.046"), and of about 6.8 s for the
fundamental of the E4-string (0.009"). These results (from using the model) will in the
following serve merely as orientation values; we will not further investigate whether the
radiation impedance of the oscillating cylinder should not be modified, after all – given that
reflectors (guitar body and fingerboard act as such) are positioned in direct vicinity. But even
avoiding an escalating of theory: the almost unending sustain that some wonder guitars are
imputed with … that is impossible solely as a result of the attenuation by radiation (which
colloquially could be called “air damping”) alone.

♣

During T30, the level decreases by 30 dB [Fleischer 2000].
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Fig. 7.63: Decay time T30 caused by attenuation by radiation (= air damping) for guitar strings (hybrid, 9/46).
The right-hand diagram shows the decay time measured with a steel string (∅ = 0.7 mm) mounted on a stone
table as well as the corresponding calculated attenuation by radiation. Only the low-frequency decay behavior
only can approximately be explained that way. “Strahlungsdämpfung” = attenuation by radiation.

The attenuation by radiation can explain the decay behavior only when measuring in the low
and middle frequency regions (right-hand diagram), and even then only if the bearing
attenuation is very small. In the region of higher frequencies, additionally a loss mechanism
taking place inside the string does have an effect, as will be discussed in the following.

7.7.2 Internal damping
When oscillating, the string changes its shape, i.e. its curvature and length, and energy is
correspondingly required. For the main part, this is reactive energy temporarily stored as
potential energy within the resilient string, but there is also active energy, causing minimal
warming of the string. The active energy is lost to the oscillation process, and therefore such
attenuation (damping) mechanisms are also termed loss mechanisms. If the losses occur
within the string they are designated internal losses. In engineering mechanics, loss
coefficients are defined as the imaginary part of the complex spring impedance (or
admittance), which is in marked contrast to electrical engineering, where real loss resistance
is assigned, for instance to an inductance. Both paths will lead up the mountain because in
both cases, orthogonality is ensured.
In machinery acoustics and materials engineering, internal losses are commonly described
using the loss factor d, with d interconnecting the imaginary part E2 and the real part E1 of the
complex Young’s modulus E: E = E1 + j⋅E2, d = E2 / E1. However, it is very difficult to find
reliable statements concerning d. This may be due to the fact that the split of E into merely
two components is just a very simple model, but also due to the fact that e.g. steel appears in
different types, not all of which can be assigned the same loss factor. The loss factor and the
dissipation model based on it are therefore adequate as a first approximation only. Fleischer
[2000] sets d = 0.001§, with the cautionary remark "tentatively estimated", and a few years
later reduces this value to 0.0004 [Fleischer 2006]. Lieber♣ specifies d = 0.00017, Kollmann♥
d = 0.0001, and Cremer/Heckl [11] offer 0.2 – 3⋅10-4.

§

Fleischer designates the loss factor with η, as usual in the older literature.
Lieber, E.: Vibration of stretched strings, acta acustica 1996 Suppl. Vol. 82, p.187.
♥
Kollmann F. G.: Maschinenakustik, Springer 1993.
♣
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Cuesta/Valette♣ extend the above-mentioned formula of the decay coefficient by another two
terms, thereby also taking into account dislocation processes in the crystalline structure as
well as heat conduction (stretching has a cooling effect, compression a warming effect):

Herein E stands for Young´s modulus (modulus of elasticity) and σ for the normal stress in
the string. Using d = 0.7⋅10-4 for the decay coefficient in these equations leads to the curve
shown on the left in Fig. 7.64. Measured were the decay times T30 of the partials for a
vibrating steel wire (∅ = 0.7 mm) stretched between two bearings on a heavy stone table.

Fig. 7.64: Left: comparison of measurement and model calculation. Right: orientation lines (10/13/16 plain).
“G3” = G-string, “H3” = B-string, “E4” = high E-string (E4).

The decay times calculated with the model may certainly be longer than the measured times
because besides radiation damping and internal damping there are further damping
mechanisms that shorten the decay time (Chapter 7.7.3). It is beyond of the aim of the present
work to attribute the individual components of the oscillation damping to material-specific
causes. The matter is a complex one, as already acknowledged by a more authoritative source:
The physical processes that cause the internal damping of metals are very complex and have
not yet been completely investigated. Moreover, it is not that simple to measure the often very
small loss factors, and therefore some of the values found in the literature do not actually
describe the losses within the examined material, but rather tell us about losses within the
measurement equipment, or about losses due to sound radiation [11]. Therefore, very
pragmatically, lines of orientation (Fig. 7.64, right-hand section) are given in the following.
These lines provide a basis to classify and assess decay times measured with guitars. As a
working hypothesis, we assume that the decay behavior specified in the lines of orientation is
primarily determined by radiation-damping and internal damping. As additional findings
become available, the curves may be moved further upwards. For the treble strings (G-B-E4)
the orientation lines provide a good working basis; for wound bass strings (E2-A-D),
however, bigger discrepancies are to be expected: to calculate internal losses, the model of a
solid steel cylinder cannot be used. Rather, three damping mechanisms need to be taken into
account; damping in the core wire (steel), damping within the winding (nickel or steel), and
gap damping at the contact surfaces. All this would be time-variant – of course …

♣

Cuesta C., Valette C.: Evolution temporelle de la vibration des chordes de clavecin, Acustica Vol. 66, 1988.
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7.7.3 Winding attenuation
When considering internal damping of a string, its structure must be taken in to account. Solid
strings (most often E4, B3, G3) are made of solid wire of spring steel whereas bass strings
(E2, A2, D3) are wound. The G-string may be plain or wound. Strictly speaking, the term
"internal damping“ only identifies the dissipation losses in the metal. Within the wound
string, however, there are also the contact surfaces between core wire and winding wire, and
here (as well as between the turns of the winding) friction is generated and consequently
energy dissipation (= damping). Measurements of the decay behavior of new strings indicate
that the decay times of partials in solid strings are close to the values calculated on the basis
of the model. Wound strings, however, may be described using the formula given in Chapter
7.7.2. If the outer diameter is used (as it is with solid strings), the calculation for highfrequencies results in much too short decay times, but taking a reduced "effective“ diameter
will yield an arbitrary result.
That a simple formula for wound strings cannot exist, is shown by the following experiment:
on a US-Stratocaster, two brand-new D-strings from two different manufacturers were
measured (Fig. 7.65). Although the analysis for the two strings was done one right after the
other, on the same guitar, and using the same slot in the nut, the decay times differ very
significantly. This can only be explained by significant differences exhibited in the windings
of the two strings. It is far beyond of the aim of the present work to investigate the materialspecific and structure-specific reasons of these differences; instead, the empirically found
best-case measured values are given in the following diagrams, facilitating orientation and
assessment of the results. The majority of the measured decay times were shorter than the
given orientation values, but in individual cases they were slightly longer.

Fig. 7.65: Decay times of partials, Stratocaster; comparison of two D-strings (0.026" each, wound, brand-new).
The grey area (“orientation line”) estimates an upper limit of T30 due to radiation and internal damping.

In Fig. 7.66, the decay times of the partials of the open strings are given for all 6 strings of a
10/46-string-set (10, 13, 17, 26, 36, 46). As we will have to explain later in Chapter 7.7.4.1, it
is appropriate to derive the damping of the string oscillation from the energy-related sum of
the oscillations normal and parallel to the fretboard – the curves in Fig. 7.66 were established
that way. For a number of selective minima, the cause is known; these minima were removed
(not considered) – they will be analyzed in depth in the following. The causes for the global
decay processes shown in Fig. 7.66 essentially are attenuation by radiation, and internal
dissipation in the case of solid strings; in the case of wound strings, damping due to the
winding weighs in, as well. Damping due to bridge, guitar neck and guitar body leads to
small, frequency-selective peaks – a separate section will be dedicated to them below.
© M. Zollner & T. Zwicker 2019
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Fig. 7.66: Decay times of partials, US-Stratocaster, best-case. Factory-fresh strings (10, 13, 17, 26, 36, 46). The
region marked in grey (estimate of upper limit due to radiation and internal damping of the string, "orientation
line") was seldom if ever reached during any measurement.

In order to prevent misunderstandings, we need to remind ourselves again that Fig. 7.66 does
not show spectra but decay times. During the decay time T30 the level of the respective partial
is reduced by 30 dB. In the case of the low E-string (E2) it takes 25 s until the level of the
fundamental (82.4 Hz) is reduced by 30 dB. It takes nearly the same time until the level of the
4th partial (330 Hz) decreases by 30 dB – for the 12th partial (1 kHz), however, the same drop
takes a mere 7 s. The graph does not tell us how loud the partials are – or, rather, which level
they start to ring with. The level of a partial is easily changed e.g. by filters, but the decay
time is not – as such the decay times represent a much more guitar-specific parameter than the
spectrum. Mind you: it’s guitar-specific, but also highly string-specific. The global tendency
of the high-frequency drop-off clearly is string-specific, a relation to specifics of the guitar
only can be attributed to the small variations in the progression of the curve. In fact, exactly
this is the subject of the next Chapter 7.7.4.
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7.7.4 Bearing absorption
In Chapter 2, the discussion has focused in detail on describing the string as a mechanical line
along which waves are running. The reflection process occurring at both bearings (bridge, and
nut or fret) is defined by the characteristic wave impedance of the string, and by the
respective particular bearing impedance (or admittance). Typically, the bearings are rigid thus having a very high mechanical impedance – so that nearly the whole wave energy will be
reflected. However, a small percentage will be absorbed at the bearing, and this is where the
designs of bridge and nut/fret come in, as well as the materials used for these components.
The guitar neck and its resonances [Fleischer] need to be looked into at some point, and
subsequently, at the very last, one may also wonder about the wood of the guitar body. First,
however, term "bearing absorption" must be clarified – because a simple punctiform
impedance is not good enough. Instead, we can isolate several absorption processes, each of
them to be discussed in their own subchapters.
7.7.4.1 Coupling of transversal waves
The magnetic pickup customarily deployed on electric guitars transforms into an electrical
voltage predominantly those string oscillations that occur perpendicular to the fretboard
(Chapter 5). Therefore, it is obvious when performing measurements to pluck the string
normal to the fretboard, and to measure the fretboard-perpendicular string-oscillation
component e.g. using a laser vibrometer. In the simple model, an exponential decay of the
velocity of the partial is assumed:
τ = amplitude-time-constant

Because the instantaneous power is proportional to the square of the velocity, its decay needs
to be described by a power-time-constant – that is half as big as the amplitude-time-constant.
Thus, if we talk merely about a "time constant", there is a risk of confusion. However, the
specification of the decay time T30 (during which the level is reduced by 30 dB) is clear; it
will be applied in the following. The decay time T30 is 3.45 times the amplitude-time-constant
or 6.9 times the power-time-constant. However, not all analyses of partials show a purely
exponential decay. In Fig. 7.67, the measured decay of the 4th partial of a B-string of a
Stratocaster is shown. An analysis encompassing 2 s shows a progressively decreasing curve
to which a single gradient can only hardly be related – both inserted approximation lines
mightily reek of being arbitrary. Enlightenment in the truest sense of the word is provided by
a second laser-vibrometer that upgraded our lab-setup to a 2D-measuring-station. The
fretboard-normal and the fretboard-parallel string oscillations perfectly complemented each
other to sum up (in terms of the energy) to an exponential decay that would do justice to any
textbook, and featuring a decay time (5.7 s) significant longer than the one initially expected.

Fig. 7.67: Decay of the 4th partial of the B-string (Stratocaster). On the right, the level of the fretboard-parallel
oscillation is plotted in addition, and also the level of the sum (----).
© M. Zollner & T. Zwicker 2019
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The interpretation of these measuring results may vary depending on the question. The
fretboard-normal oscillation the pickup senses – only this being relevant to the sound –
reaches a minimum after 2.5 s. The related loss in level of 22 dB must not be considered as an
energy drop of 99.4%, because a part of the energy is not yet “lost” but stored temporarily in
the orthogonal oscillation mode. After another 2.5 s, the level therefore has not decreased by
44 dB in total but only by 26 dB. However, this does not at all help the guitar player who
wants to play a tone that lasts 2.5 s – he simply feels the sustain of this particular partial as
being all too short. Let’s assume that in particular this partial is of eminent importance, and let
us hold fast onto this: the decay time measured in one oscillation plane must not just blindly
be converted into dissipation parameters.
Conspicuously, the decay analyses of the investigated American Standard Stratocaster
showed that in particular the B-string featured strong beats of partials. Now, of course every
‘in-the-know’ guitar player is aware that these beats, this ‘chorus-like warble’, belongs to the
specific charm of the Strat, and – being privy to it all – our man knows the (supposed) cause:
it’s the magnets! These conniving guys sneakily exert a vicious pull on the strings and ‘hinder
them to decay freely’. We do not know the originator of the moderately intelligent term
'Stratitis' for this ‘illness’ of the Strat … but that’s probably for the best. In Chapter 4.11, we
had already explained that pickup magnets in fact may change the decay characteristic of
individual partials – however, this mainly affects the fundamental. To be on the safe side, the
pickups had been lowered as much as possible before the measurement specified in Fig. 7.67
was taken – in other words: it’s not the magnets, they are not responsible for this beating.
Fig. 7.68 shows further levels of partials of this B-string – all fraught with various beats. If
one does not have unlimited possibilities for modal analysis (one does not: the Free State of
B. in the south of the country G. needs cut back and saving money after the latest banking
disaster), only simple approaches remain for such studies. In the present case: we lift the Bstring out of its groove in the nut, move it sideways by a millimeter, re-tune, and repeat the
measurements. And behold: the beats were yesterday. If only all analyses were that easy.
In its original state (Fig. 7.68, left-hand section), the B-string of the investigated Stratocaster
generates audible beats that one may love or hate. Still: this characteristic definitively must
not be attributed to the specially selected and long stored wood of this American dream – the
mundane source is in the nut. No, don’t even go there and say that this nut has been filed
down with love and given brilliant workmanship exactly in such way that these beats result,
because only they would generate that authentic ´Strat-sound´. Once the measurements had
been carried out, the B-string was allowed back into its original groove and was re-tuned …
and there they were back again: the beats. However, they were not the same anymore – a
closer look showed deviations in frequency and amplitude of the beating. Thus, this sound
characteristic has to be seen as accidental and fragile – a result of a naturally always
tolerance-affected manufacturing. In the case of the investigated Stratocaster, only the Bstring showed such strong beats, all other strings behaved completely inconspicuously. It is,
however, to be expected that among the many Strats manufactured to this day today there are
more than a few that feature more than one string generating stronger beats, and perhaps these
are in fact exactly those holy cows a lot of money is shelled out for. The top nut, stupid ...
No, of course the nut is not the only reason for certain sound characteristics, it is essentially
involved in sound shaping, though. At the beginning of the 21st century, aficionados still
commemorate those fair maidens (or ladies) who – by hand! – wound Fenders' first pickups
(hail oh Mary, Gloria, Abigail!); however, that kind of honor and appreciation is denied to
that master nut-slotter (translator’ question: would that be a nutter, then?). By Leo, he would
have deserved it, too.
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Fig. 7.68: Level of partials, B-string, Stratocaster. Left: string in the saddle groove. Right: string beside the
groove. Bold line: fretboard-normal string oscillation. Thin line: fretboard-parallel string oscillation. ---- = Sum.

Before thinking about how the wood of the guitar body could affect the string oscillation, we
should first consider those components that are in direct contact with the strings. These are in
fact the nut (or fret) and the bridge saddles – but not any pieces of ash or alder. If the string
does not rest on a line that is perpendicular to its longitudinal axis, a coupling of the
oscillation planes may result. The same might happen if the compliance of the support is
direction-dependent. The coupling of the transversal oscillations as it is caused at the string
bearing is shown in Fig. 7.69 as an orbit-diagram (abscissa = fretboard-parallel oscillation,
ordinate = fretboard-normal oscillation). In the upper-left diagram we can see how the string
first begins to oscillate vertically, but then subsequently shifts the oscillation plane first to the
left, and then to the right. After about 370 ms, the vertical oscillation has nearly decayed to
zero, and the oscillation energy has mainly been transferred to the orthogonal component.
This is completely different for the B-string when positioned beside the groove of the
headstock saddle: it substantially keeps its oscillation plane, because the coupling between
both oscillation modes is much smaller (bottom images).
© M. Zollner & T. Zwicker 2019
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Fig. 7.69: Orbit-diagrams (vertical vs. horizontal movement). B-string, Top: bearing in the nut-groove, bottom:
bearing beside the nut-groove. Stratocaster, 10th partial of the B-string (2476 Hz). The analysis had been run
with signals that were similar but not identical to those used for Fig. 7.68.

When investigating damping (dissipation processes), we need to analyze both oscillation
planes. If merely the voltage generated by the pickup is of interest, only the fretboard-normal
oscillation-component is essential. That common magnetic pickups can pick up not only
transversal oscillations but also longitudinal oscillations is explained in Chapter 2.9, while the
directional characteristic of these pickups is looked into in Chapter 5.11.
The mode coupling at the headstock saddle (nut) of the B-string found in the above example
is, of course, only relevant as long as the open B-string is plucked. As soon as the string is
pressed down on the fretboard by a finger, the fret that is next to it takes over the bearing
function. Furthermore, corresponding coupling may just as well occur at the bridge saddle and this will have effects also when the string is fretted. The bridge construction of most
electric guitars encourages the assumption that the designers did not worry about mode
coupling, but predominantly considered as their task the adjustability of the action, and lowest
possible production costs. On the Jazzmaster (planned to be Fender’s top model), Leo Fender
guided the strings at the bridge by means of screw threads. However, he did not use screws
with six different threads – no, three different threads had to be enough. As generally known,
the strings have six different diameters, and therefore the fit for the strings will turn out to be
very different from string to string … What? Fit?? On the Tune-O-Matic bridge, Gibson
guides the strings by means of bridge saddles looking fishily similar – all six of them! The
guys at Rickenbacker lay the strings into small rollers, probably hoping that the gap damping
won’t become all that pronounced. And surely: there are six identical rollers! Obviously, not
all builders of electric guitars were aware to the same degree of the function of the guitar
bridge in terms of vibration technology.
More details regarding bridge constructions are compiled in Chapter 7.10.

Translated by Volker Eichhorst, Gabriel Mallory & Tilmann Zwicker

© M. Zollner & T. Zwicker 2019

7.7 Absorption of string oscillations

7-75

7.7.4.2 Damping of longitudinal waves
Chapter 7.7.4.1 had shown that a coupling of transversal string-vibrations occurs at the bridge
and at the nut (or fret). In addition, transversal and longitudinal oscillations exchange part of
their oscillation energy, as well (Chapters 1.4 and 7.5.2). The dilatational waves induced that
way showed high loss factors in the decay measurements: individual partials decay rapidly,
i.e. they exhibit short decay times. For the following vibration measurements, a Fender USStandard Stratocaster was used with its tremolo (aka vibrato) genre-typically adjusted to be
floating. The investigated string was plucked fretboard-normally close to the nut; an
oscillation analysis was made close to the bridge using a laser vibrometer.

Fig. 7.70: Decay (left) and time function of the fretboard-normal velocity. Dilatational wave period = 0.42 ms.

For the fretboard normal velocity, the left-hand image in Fig. 7.70 shows the decay time of
the D3-partials. Damping maxima – i.e. T30 minima – can be identified at 2.36, at 4.7 and at
7.1 kHz; resonances of dilatational waves can be assumed to be the cause. In the time
function we can see that - even before the transversal wave arrives at the measurement point –
small impulses with a periodicity of 0.42 ms occur. Although the laser vibrometer (which is
sensitive to lateral string oscillations) cannot itself detect the dilatational waves, it does
capture their secondary waves (Chapter 1.4). Apparently, dilatational waves are absorbed
efficiently in the wound D-string, and a selective damping arises at a frequency of 2.36 kHz
(and its multiples).
Depending on how well the resonance frequency of the dilatational wave matches the
frequency of the partials, this dilatational-wave damping can be more or less pronounced. The
measurements done until now let us assume that especially the fretboard-normal oscillation
can transfer its energy to the dilatational wave; the cause could be the curvature of the string
at the bearing (Chapter 7.5.2). In Fig. 7.71, the level drops of the partials of the D-string are
represented: the fretboard-normal oscillation decays very fast at 2364 Hz, while the fretboardparallel oscillation exhibits a decay time as it is found with the adjacent tones.

Fig. 7.71: Level drop of partials; bold = fretboard-normal oscillation, thin = fretboard-parallel oscillation
© M. Zollner & T. Zwicker 2019
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7.7.4.3 Residual damping
Generally, the string does not end at the bridge or the nut but passes over it to its actual
mounting point. In certain circumstances, these remaining sections of the strings (residual
strings) located beyond the main section of the string may form an effective absorber that can
deprive the main section of the string of oscillation energy. This is termed residual damping.
If the string would exhibit a pure transversal movement, it could not transfer energy to the
residual string across the fixed support bearing. However, as was already explained in
Chapter 2.7, the string is also subject to a bending stress, and the related bending moment
acts across the bearing and excites the residual string. Also, the longitudinal forces occurring
within the string (→ dilatational wave) may at least partially act across the bearing –
especially for small bend angles, the string may relatively easily slide across the contact area.

Fig. 7.72: Modification of the decay of partials (at the specified frequ.) due to mass loading by the residual string
at the bridge; Gibson ES-335 TD; “H-Saite” = B-string, “G-Saite” = G-string, “mit Klemme” = with clamp.

To quantify the effects of this residual damping via two examples, a string of an ES-335 was
plucked fretboard-normally near the nut; measurement of the fretboard-normal velocity was
done near the bridge saddle using a laser vibrometer. As a modification, a small clamp was
attached to the residual string near the bridge (Fig. 7.72, arrow). The measurements were
carried out for the B- and G-string, with always the plucked string being measured and
modified. For many partials, no considerable effect resulted – but in some cases the decay
was indeed influenced. This happened in different ways: for the partial of the B-string shown
in the left picture, the additional mass improves sustain and level, while in the other example,
the additional mass chokes off the oscillation rather rapidly♣.
It is difficult to formulate these damping mechanisms analytically because two transversal
modes and one dilatational wave occur in combination – in fact on both sides of the bridge!
Therefore, these examples only serve to show that the effect of the residual strings must not
be generally neglected. However, because the decay of only a few partials will vary, the sonic
impacts remain fairly low. With the investigated ES-335, no audible difference in the
"electrical sound" could be found when damping the residual strings during playing with the
heel of the hand.
It is obvious that such a damping mechanism cannot be found with measurements at an empty
bridge (bridge without string). On the other hand, the saddle conductance (Chapter 7.7.4.4)
can only be determined without the string because the location of the string bearing can only
be allotted once to one single taker. Already the ancient philosophers knew: where there
already is something, nothing else may be.
For the sake of completeness it is noted that even between the individual strings und their partials, vibration
coupling and thus damping may occur – this effect will not be further investigated here, though.
♣
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7.7.4.4 Bearing conductance
All damping mechanisms considered so far had their origins in the string or in the
surrounding air – the guitar and especially its noble tone-wood were not investigated as being
involved in the sound shaping. However, they of course also affect the string oscillation, and
therefore now a more detailed analysis of the mechanical properties of both string bearings
will follow. Consideration of the string as a waveguide (Chapter 2) shows reflection processes
that can approximately be described by the wave impedance of the string, and by the bearing
impedance. The wave impedance is a string-specific quantity (Chapter A.5), the bearing
impedance is formed by the nut and the bridge saddle. However, not only these play a role but
also their substructures, i.e. bridge base, and neck and body of the guitar. The bearing
impedance is the mechanical impedance Z = F/v found at the bearing by a wave running
along the string. An immobile, rigid bearing features a velocity of v = 0, and therefore the
bearing impedance of an ideal bearing is infinite. Such a perfectly loss-free bearing would
show perfect (i.e. loss-free, total) reflection – but this only occurs in the ideal model. Every
real bearing absorbs a small part of the incoming wave energy (e.g. 1%) so that e.g. only 99%
will be reflected. The more often per second this absorption occurs, the faster the string
oscillation decays. Assuming 1% of energy loss at each bearing for a string oscillating with
100 Hz, a wave reflected 200 times per second at each bearing will have only 0.99200 = 13%
of its initial energy after 1 s. The corresponding level-decrease would be 8.7 dB; for a string
oscillating at 200 Hz, the energy would have decreased to 1.8% after 1 s (i.e. by 17.4 dB).
The bearing absorption may be described by the bearing conductance G. This is the real part
of the bearing admittance (admittance = 1 / impedance, for more detail see Chapter 7.5.3).
The higher the conductance, the more the bearing absorbs, and the shorter the “sustain”. On
the one hand, the power absorption factor of a bearing is proportional to the wave impedance
of the string, and on the other hand it is proportional to the bearing conductance. With the
wave impedance of each string being proportional to its diameter squared, we get: the heavier
the string, the more the bearing damping affects the string oscillation. In Fig. 7.73, the power
absorption factor is given percentage-wise for three string sets, with G = 0.001 s/kg.

W = wave impedance
D = diameter of the string
ρ = density of steel
f1 = fundamental frequency of the string
a2 = degree of power absorption
2

Fig. 7.73: Degree of power absorption a for three different string sets.

A transversal wave running along the E2-string will, depending on the string thickness, lose
0.22% – 0.44% of its power at a bearing which has a conductance of 0.001 s/kg. For the E4string this would only amount to 0.04% – 0.1%. For comparison: given these conditions, a
power loss of about 1% would result for the E1-string on an electric bass! It must be borne in
mind, though, that the wave propagation speed decreases with decreasing frequency, as well –
on the E1-string of an electric bass, the transversal wave arrives at the absorbing bearing
significantly less frequently (sic!) than on an E4 string of an electric guitar. Therefore, two
processes working in opposite directions dominate the frequency-dependency of the decay
time: the process of decreasing absorption from the bass strings to the treble strings, and the
increasing frequency that the absorption happens with.
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The bearing absorption caused by constant conductance (e.g. G = 0.001 s/kg) is, in a simple
model, of the same value for all partials of a string: here, both the wave impedance and the
conductance are constant. And because in the simple model (i.e. leaving aside dispersion) all
partials of a string propagate with the same wave velocity, the decay time correspondingly
caused does not show any frequency dependency, either. Thus, given an overall consideration
of various absorption mechanisms, the frequency-independent bearing absorption defined for
a constant G will mainly have an effect in frequency ranges where other absorption
mechanisms are weak, i.e. in the low-frequency range, and for the bass strings. For real string
bearings the conductance is not constant, though, but rather frequency dependent. Fig. 7.74
shows related measurement values gathered within the nut groove of the E4 string of a Les
Paul Historic (with the string taken off). Eigen-oscillations of the open string are possible
only at positions marked by dots, and only here the measured conductance values have any
impact on for the decaying oscillation of the E4-string.

Fig. 7.74: Les Paul, E4-string: conductance (“Konduktanz”) at the nut (left), calculated decay times (right).

The right-hand diagram shows calculated decay times for the partials of the E4-string
considering the attenuation by radiation, the internal dissipation, and the bearing absorption.
One bearing absorption only - because the bridge saddle had not been considered yet. In
general, this calculated curve stands up nicely to measurement curves. Not that this is all that
surprising – T30 is, in the end, predominantly determined by the attenuation by radiation and
the internal dissipation. The bearing absorption dominates only if a conductance maximum
happens to be near the frequency of a partial frequency, and in that case a selective absorption
maximum results (i.e. a selective minimum in T30). For the fundamental of the E4-string (at
330 Hz) this is nearly the case: if one would merely tune the E4-string down by approximately
a semitone, the decay time of the fundamental would be reduced to half (2.2 s). On the other
hand, the decay time of that fundamental may also be extended up to more than 7 s, for
example if the guitar is laid in a different way onto the measuring table for the conductance
measurement (Fig. 7.75). However, only the damping of the fundamental will change in this
case, all other T30 minima remain practically unchanged.
Fleischer [8] has published a variety of different impedance plots for various guitars,
measuring not only at the nut or bridge saddle, but at each fret, as well. These and further
investigations [Fleischer 2001, 2006] indicate bending and torsional vibrations of the guitar
neck – causing low-frequency bearing absorptions. If the string bearing happens to be at a
node of the neck oscillation (in consideration of the frequency relations), small conductance
and thus long sustain result, bearing at an anti-node position yields high conductance and
"dead spots". Once again, it is shown that a noticeably resonating guitar neck may delight the
sense of touch – but it is likely to be detrimental long sustain in one way or another.
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Fig. 7.75 shows how the conductance at the nut can be changed without permanently
damaging the guitar. For both measurements shown in the left-hand image, the guitar (again
the Les Paul Historic) was placed on a stone table, supported underneath the neck/bodyinterface by a soft mouse pad. The other bearing – the edge of the body near the rear belt pin
– was placed directly onto the stone table for one of the measurements. For the other
measurement, a second mouse pad served as a cushion (and as damper). As a result, we see
pronounced resonance shifts below 400 Hz, but there is practically no change in the frequency
range above. On the one hand, this indicates a good reproducibility; on the other hand it
shows that low-frequency modes of the neck vibration depend on the bearing of the guitar – to
the vibration engineer, that’s not actually a highly unexpected behavior.

Fig. 7.75: Les Paul, conductance (“Konduktanz”) at the nut: E4 (left), E2 (right). Mechanical modifications.

In the right-hand diagram, the differences are caused by a vise mounted to the headstock. This
now is an approach that tackles the situation in close proximity of the string bearing – the
effects therefore are bigger than those in the left-hand diagram. Neither result can be
interpreted as improvement, or as deterioration: both have an impact on all strings. Even
though the decay time of one partial may be extended according to Fig. 7.75, it is to be feared
that, at the same time, the decay time of another partial is reduced.

Fig. 7.76: Les Paul, bridge saddle conductance (“Konduktanz”), E4. Modifications = clamp mounted to the
bridge.

The bridge saddle conductance of the Les Paul Historic, measured at the E4-bridge-piece, is
shown in Fig. 7.76. From his oscillation measurements, Fleischer concludes that the neck of a
solid-body guitar is relatively flexible whereas the bridge remains relatively immobile.
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Our own measurements confirm this for the frequency range up to 700 Hz (the range
investigated by Fleischer). However, for higher frequencies, and depending on its design, the
bridge absolutely may show some veritable Eigen-oscillations, and thus may become an
efficient absorber. In Fig. 7.76 three measurement curves are shown in either diagram: one for
the guitar in its original condition, and two more for the bridge modified via fixing a clamp on
it. In particular the conductance maxima – important for the string damping – react to these
modifications, leading us to the assumption that these maxima are bridge resonances. This
hypothesis found support via measurements using a laser vibrometer: significant bridge
oscillations showed up in critical frequency ranges. At low frequencies, the bridge is nearly
immobile, and thus an attached additional mass attached will not bother it. However, there
are strong bridge resonances between 1 and 1.5 kHz, as well at around 4 kHz, and those will
change when attaching an additional mass.
Supplementary findings regarding the effect of the bridge design on the decay of partials of
the string-vibration were provided by measurements with a non-trem Strat. Two variants are
common as bridge saddle: on earlier Strats, the string was fed through an S-shaped sheet
metal – the vintage bridge saddle – that could be adjusted with three adjusting screws. In late
1971, the design was changed to the solid die-cast (injection-molded) bridge saddles still
customary today [Duchossoir]. For both bridge-piece designs, the decay of the partials of a
0.013" B-string was analyzed. Fig. 7.77 (left-hand image) shows corresponding decay times.
Disregarding – for the moment – the smaller variations in the curve, we find the following:
the string supported by the injection-molded bridge saddle (continuous line) shows a behavior
nicely approaching the orientation line given by radiation attenuation and internal damping.
Conversely, the decay time of the string supported by the vintage bridge saddle is only about
half as long at high frequencies. The explanation is simple: The sheet-metal bridge saddles
bend easily, and thus absorb more than the solid design. So: do upload the graph to the
Internet – and we have one more ineradicable rumor.

Fig. 7.77: Decay times of the B3-string (= “H3”) of a non-trem Stratocaster. Left: solid (–––) or vintage (---)
bridge saddle. Right: solid bridge saddle (–––), other specimen of vintage bridge saddle (---).

To re-check, the solid bridge saddle was mounted to the guitar again: the measured curve
(right-hand graph) is quite comparable. Then it was sheet-metal saddle’s turn again; however,
a different specimen was used: different results show. Fig. 7.77 unambiguously indicates that
the bridge saddle affects the decaying oscillation of the string to a not inconsiderable extent. It
therefore participates essentially in the shaping the sound. Obviously, there are non-negligible
manufacturing tolerances in the bridge saddles – not surprising when taking a closer look at
the particular construction. As Kollmann [1993] notes very persuasively: the gap absorption
is the most important damping mechanism in machine acoustics.
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There is a generous helping of gaps within the construction of the Stratocaster bridge, e.g.
between the saddle and its three screws, between the screws and the support plate, and of
course between the string and the saddle. The whole contraption does not seem to be expertoptimized in terms of its damping properties; therefore it may actually be even expected that
each bridge develops an individual life of its own, and its individual damping character.
To clarify this once again: given such pronounced inter-individual scatter we cannot maintain
that the vintage saddle will absorb significantly differently compared to the solid saddle.
Instead, we only may conclude that even identically constructed saddles may differ in their
damping properties.
The damping processes presented so far shall in the following be summarized in an example.
The measurements were carried out on a Gibson ES-335 equipped with new strings (9/46).
The A2-string was plucked fretboard-normally near the nut; its oscillations were detected twodimensionally with two laser vibrometers. The left-hand section of Fig. 7.78 shows the
evaluation of the decay times of the partials. Up to about 1 kHz, the minima can be attributed
to neck resonances, the two dips between 1.5 – 2 kHz are related to dilatational wave
resonances and to bridge resonances, respectively.

Fig. 7.78: Decay times of partials of the open A2-string of a Gibson ES-335; different bridge positions.

The bridge of the ES-335 is of the famous "Tune-O-Matic” type. As it often happens with
celebrities, there is an obvious tendency towards lability. In particular, the bridge is given
height-adjustment – and it can move laterally because some excessive clearance has been built
into it. The right-hand section in Fig 7.78 shows a family of curves that results from the
bridge being moved laterally. The overall trend remains while differences appear in the
details. For a Les Paul (Fig. 7.76), it already has been demonstrated how the string damping
caused by the bridge can be modified by mounting a small clamp. Fig. 7.79 now gives
additional proof. In the left-hand section of the figure, the decay times for the A2-string are
shown: once for the guitar in its original condition, and once more for a modification (a clamp
on the residual string at the bridge). Especially around 1 kHz the decay of the partials changes
– suggesting the combination bridge/residual-string to be a possible source of attenuation. The
right-hand section of Fig. 7.79 shows a velocity spectrum. It is gathered with a laser
vibrometer, the beam of which was focused directly beside the A2-saddle onto the bridge
below it. To measure, the A2-string was plucked fretboard-normally near the nut. An
oscillation maximum can be seen between 1.5 and 2 kHz – obviously there must be a bridge
resonance here. And once again we get confirmation on what guitar magazines have a hard
time to grasp: bridge oscillation = string damping.
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Fig. 7.79: Decay times of the partials of the empty A2-string on a Gibson ES-335. Left: original condition (---),
small clamp on residual string at the bridge (---). Right: velocity spectrum of the bridge, next to the A2-saddle.

The fundamental frequency of the resonances of the A2-dilatational-wave is at 1.8 kHz – these
resonances can contribute to the attenuation, as well (3.6 kHz). Compared to the area offset in
grey and marking the global shape of the string-damping curve, the decay time of the ES-335
shows characteristic deviations. These are even more striking if we do not evaluate the string
vibration two-dimensionally, but analyze only the fingerboard-normal string vibration (just as
the pickup would). The corresponding decay times are shown in Fig. 7.80. Differences
between the two types of analysis can be attributed to non-exponential decay (Chapter 7.6.3);
beats or salient curves lead to ambiguities. Differences between the results for the ES-335 and
the Stratocaster analyzed in Fig. 7.80 need to be discussed with regard to two focal points: Up
to approximately 1 kHz, neck resonances determine the string damping, and in the frequency
range above there are mainly bridge- and string-specific processes. The drop of the ES-335
between 1.5 and 2 kHz clearly has its cause in a bridge resonance, possibly amplified by a
dilatational-wave resonance. The latter are also highly likely to be the cause for the minima at
3.7 and 5.4 kHz. Not looking at these specifics, only small differences remain in the range
above 1 kHz. These small differences moreover change in many details as minor shifts are
made to the respective bridge saddle. Therefore: although the two guitars differ considerably
in construction (Strat = solid-body, ES-335 = thinline), the treble range of the string vibrations
is determined by the string and its bearings only. There is practically no influence by the
wood. Below about 1 kHz, neck resonances (very selectively) determine the string damping,
and only here does the wood have an impact. The wood of the neck, that is! Although the
body as a bearing for the neck is also involved, the bending- and torsion-resonances of the
neck are the decisive factor.

Fig. 7.80: Decay times of partials in a Gibson ES-335 (left), and a Fender Stratocaster (right). The thick line
refers to the fingerboard-normal string vibration; the thin line refers to the two-dimensional analysis.
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Fig. 7.81 shows a similar comparison, but now for the E4-string. In the 2D-analysis, there are
only small differences; these may in part be due to the fact that the string diameters were
different. In the Stratocaster, some partials decay with a beat, this leads to the already
discussed discrepancies. In direct comparison they are just about audible, but do not have
their cause in either the pickup magnets (completely lowered for this measurement), nor in the
body wood, but exclusively in the string bearings. The guitar body certainly has considerable
impact on the radiated airborne sound, but for the voltage generated by the pickups, it is
insignificant as long as typical design rules are not grossly violated.

Fig. 7.81: Decay times of the partials of an ES-335 (E4, 0.009", left), and a Stratocaster (E4, 0.010", right). The
bold line refers to fingerboard-normal string vibration; the thin line refers to the two-dimensional analysis.

The T30-differences found so far shall be discussed again with consideration of musical
requirements. How relevant is the difference between, e.g., T30 = 3.0 s and 2.5 s? For a tone
duration of 0.5 s (a quarter note at 120 bpm), a level drop of 5.0 dB occurs at T30 = 3.0 s, and
6.0 dB at T30 = 2.5 s. By contrast, the level of a partial may change by 10 dB (or much more)
when the string is plucked an inch or so closer to the bridge! This is not to say that a short
decay time can generally be compensated with a higher level. These are entirely independent
quantities to start with – they do now receive a special joint assessment by the hearing
system. Defining "Attack" as the first section of approximately 100 ms of the guitar tone, we
can choose a time span that corresponds to the integration time of the ear [12]. During this
time-span, psychoacoustic “trading” between initial level and decay time is actually possible.
However, the change in the location where the string is plucked has a much greater effect on
the sound than e.g. the differences shown in Fig. 7.81. Listening tests confirm this: you can
almost always hear differences, but in most cases these are due to slight differences in the
picking location or in the way the plectrum is held. There is no denying that substantial
physical differences exist between T30 = 1.5 s and T30 = 0.4 s (Fig. 7.80) – however, if these
differences occur at 4 kHz, their auditory relevance is very low. In fact, the ear combines into
a joint processing about 7 partials in the corresponding critical band (the hearing-related
frequency-range division); thus the level of one single partial does not play a significant role.
Also, we must not forget that the decay times shown so far have all been measured with
brand-new strings - just a few minutes of (more or less) virtuoso playing will deposit skin, oil,
and fat particles on the wound strings – significantly reducing the decay time, and thus even
more significantly reducing the influence of any parameters of the guitar body (translator’s
note: if there are is such an influence at all). So again: it's in the fingers, in every respect …
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7.7.5 Damping by finger, hand and capo
Placing the guitar on a heavy stone table in order to do measurements usually guarantees good
reproducibility, because no trembling hand moves the object to be examined. However, such a
bearing is not very close to practical reality, because of course the strings are touched while
playing. The fretting hand (mostly) rests against the back of the guitar neck, and a finger
presses the string against the fret. From the point of view of vibration technology, the neck of
the guitar is a cantilever and/or torsion beam; despite being of a stiff structure, it can
nevertheless be bent and twisted – not by much, but to a significant degree. Contact with the
hand and/or finger alters the mechanical vibration parameters of the neck, and influences
resonance frequencies and their damping. The bendable and rotatable guitar neck resonates as
soon as a string vibrates, sending vibration energy into the hand and the finger(s). The more
vibration-energy our hand and fingers pick up, the stronger the string will be damped. The
exact differences between active and reactive energy shall not be discussed in more detail
here; the measurement results are self-explanatory.

Fig. 7.82: Decay times of partials of the string vibration, Stratocaster. The dashed curves were measured with a
capodastro placed on the 3rd fret for measuring of the B-string (“H3”), and on the 4th fret for the G-string.

In order to keep the guitar as still as possible, a Shubb capo was mounted to the neck of a
Stratocaster, replacing the gripping hand (Fig. 7.82). As with the other analyses, the string to
be measured was struck fingerboard-normally next to the capo, the measurement of the string
velocity was taken two-dimensionally near the bridge. The exact capo position and its contact
force probably play a role, but detailed investigations were not planned at this point. Instead,
the principal effect was to be demonstrated; this is successfully done with Fig. 7.82: the capo
acts mainly as an additional damper, and it reduces the decay times especially in the highfrequency range. Similar results were found in experiments with a hand placed on the back of
the guitar neck; depending on circumstances, the damping caused by the hand may be even
more pronounced than that produced by the capo. Since attaching the capo will change the
pitch of the string and the position of its bearing, other pairings between frequencies of
partials and frequencies of neck resonances occur – this will bring other selective resonance
dips into play. In view of such grave effects, it does not make sense to pay very close
attention to small dents in the T30- curve. The sound changes caused by the plucking/picking
hand and fretting hand will dominate compared to most damping mechanisms due to bearing
of the string. Only a few resonances of bridge, neck and/or string will be able to shorten the
decay time of individual partials considerably – corresponding listening tests are summarized
in a separate section.
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7.7.6 Ageing of the strings
The decay diagrams shown to this point in Chapter 7.7 have all been measured using fresh
strings – a condition that never lasts long. Three processes predominantly change the
mechanical properties of a string: the surface corrodes, the cross-section changes, and
deposits of grease and skin-particles appear on the string. Solid strings (usually G3, H3, E4) are
always made of spring steel; the magnetic and mechanical requirements leave little room to
maneuver for manufacturers here. The core of wound strings (E2, A2, D3) also consists of
spring steel, with the wrap spinning made of nickel wire or steel wire. Brass or bronze wound
strings are only found on the acoustic guitar, since these materials are of a non-magnetic
nature and generate too weak a voltage in the magnetic pickup.
When playing, the string is pressed against the frets, and moved back and forth with (possibly
virtuoso) finger vibrato. Even if the string is made of hard steel: over time, small grooves are
ground into its lower side, and these affect the propagation of the waves generated during
plucking. Each groove is a discontinuity (a local change in the wave impedance) that leads to
unwanted reflections, detuning of partials, and vibration-damping. The most serious cause of
the change in the string parameters, however, is the accumulation of skin-, grease- and dustresidue, especially if this gets into and between the layers of the wrapping. These deposits are
efficient absorbers that can extract much more vibration energy from the string than all
previously presented absorption processes. In Fig. 7.83, the left-hand picture shows the decay
time of partials of the A-string of a Les Paul Classic. This was a "not entirely fresh anymore"
A-string the history of which could not be determined more precisely. Compared to a fresh Astring, the decay time has decreased by 50 – 80%; in particular the treble fades away much
faster. Compared to this very efficient damping mechanism, only two vibration absorbers can
compete: a neck resonance at 220 Hz, and the known bridge resonance around 2 kHz. After
just a few minutes of typical guitar playing, grease and skin deposits already can lead to
measurable effects – therefore comparisons must only and always be done with completely
new strings!

Fig. 7.83: Decay times of partials, on a Les Paul Classic (left), and on a stone table (right). Note the extended
ordinate range!

The graph on the right shows the decay times of the partials for a very old E2-string stretched
across a stone table. The high-frequency signal components (that are still present at the
moment of plucking) lose their energy instantly; the T30 treble-dropoff occurs with a slope of
f to the power of 3. Nevertheless, such a string is not completely useless: bring in a distortion
device, and the string rises to new heights … well, the treble is kind of revitalized, anyway.
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7.7.7 Flatwound strings
The bass strings of the electric guitar are wound to reduce flexural rigidity and inharmonicity
(Chapter 1.2). If the fingers glide over the grooves of the wrap spinning during play,
characteristic scratching or sliding noises are generated. These noises may be perceived as
typical, or as annoying, or both. To offer a choice, flatwound strings are available that are not
wound with round wire, but with wire of the cross-sectional shape of a flat band, this allowing
for an almost smooth string surface. The winding produced in this way is often two-ply: the
inner wrapping is done with round wire, the outer with the band-shape (Fig. 7.84).

Fig. 7.84: Flatwound (left), roundwound (right).

The decay time measured with a flatwound string set is shown in Fig. 7.85. Except for the Gstring (wound with merely one layer of round wire in this set), a stronger treble damping is
evident. This increased damping is due to larger internal friction losses within the string build.
In addition to the reduction of the gripping noise, the flat winding therefore also causes a loss
of brilliance, as it would be found in a similar way in old roundwound strings.

Fig. 7.85: USA Stratocaster, fresh flatwound set (22/30/40/50). G3 = round-wound.
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7.8 Specialist Journalism
"Only write about subject matter that you are familiar with!" Any reference book on
journalism will teach that – or at least it should teach it. So, why would a renowned
neurobiologist write: "Presumably, due to the homogeneous and generally similar structures
in the neo-cortex ..."? If he comprehends how neuro-plasticity works, he wouldn’t have to
assume anything, would he? And if he does not have sufficient comprehension, he shouldn’t
write a book about it, now, should he!? Well, if only the matter were really exactly known! In
the fringe areas of research, at the borderline to terra incognita, conjecture is indeed quite
permissible. And thus, a scientist may publish a new idea in the hope that soon proof will
appear, and that – given that he has more of these ideas – he will eventually be regarded as the
genius forward thinker. Even though one day it transpired that more than the six planets
hypothesized by Kopernikus are revolving around the earth, the book published by him still
remains one of the biggest steps ever taken in the recognition of natural processes♣.
Is the above sufficient to legitimize the conjecture found in many a specialist magazine for
guitar and bass: that the vibration of the string should be conducted as comprehensively as
possible into the instrument body? In corresponding elaborations, the restriction
“presumably” does not even appear anymore … apparently there is a common consensus
about the “fact”. Or maybe it is common nonsense – the corresponding circles are, after all,
known for a notoriously carefree handling of loanwords and technical terms. Popular mix-ups
are between inductance and induction⊗, Oersted and Gauß, stiffness and compressive strength,
bifilar winding and criss-cross winding. An alleged “expert” in circuit design introduced
himself with the kind words: myself, I often can’t distinguish between when currents “flow”
and when a voltage “is on”. Doesn’t matter, the guy is allowed – in spite of such profound
moxie – to write up a monthly column about circuitry details in tube amps, praise the brash
vibrations of the guitar “that you feel in your gut” as a quality attribute, and discuss relaxation
effects in guitar cables as soon as he doesn’t confuse the spelling of the term anymore. Are all
these areas in fact fringe areas of research? Has nobody discovered the law of conservation of
energy, the permeability, the Young’s modulus, or the susceptibility? Of course they have –
and quite some time ago, too! If you still surmise that tone wood will only by deformed
permanently if the weight of 9 Leopard tanks presses down on the area of a 1-Euro-coin, you
expose yourself to ridicule; you’re not a specialist journalist but a universal dilettante then.
A journalist should impart knowledge, not stupidity. How can somebody be allowed to roam
free while seriously claiming that the pickup-voltage of a Les Paul would change
‘significantly’ if its paper-thin layer of varnish has cracked in a few places? Or that the
coloring (!) of the wire-insulation has effects on the sound? You may have such thoughts …
but only in private. The reader does not have to know what inductance means in a pickup, and
what induction brings to the table. Not knowing indeed often is motivation to read up. The
author, however, really does need to know – otherwise he should dispense with publishing.
One myth rattling around in guitar literature is the topic of the next two chapters: allegedly,
the body of an electric solid body guitar has a “primary tone” that shapes the sound to the
extent that the pickup can only add a few nuances. It’s ok to speculate about that, but it may
not be corroborated with ludicrous assertions as it happened in the article “Stratone” (see
Chapter 7.8.3). Sorry, dear author, but you have crossed the Rubicon. If you're looking for
trouble, you’ve come to the right place. There’s no more mere rolling of the dice from hereon.

♣
⊗

Der große Herder, Volume 7
That’s about as small a difference as between astronomy and gastronomy.
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7.8.1 The legend of the primary tone
A citation from Gitarre&Bass 11/05: Let us first distinguish between two categories of
parameters that decisively influence the sound (primary tone) of a guitar. On the one hand,
there is the basic construction that is determined by the selection of wood, the geometry, and
the craftsmanship of the builder. The second category describes the (flexible) tuning of the
hardware and the process of playing-in the guitar. Type of wood, geometry, and processing –
without doubt these are important elements of the electrical guitar. The expensive but not very
solid balsa-wood is as unsuitable for a guitar neck as a 5mm-thick plank from spruce would
be as the sole constituent for the guitar body. Glue joints of a width of a millimeter are not
evidence of great craftsmanship – even if found in expensive instruments [G&B 1/09].
However, what significance do differences have that occur within the well-trodden paths of
decades-old tradition? Ash vs. alder, polyester vs. nitro lacquer, 3.1 vs. 4 kg, brass vs.
aluminum? Corresponding opinions range from completely irrelevant to fundamental, and the
rationales are as inconsistent as the proclaimed dogmas. The following statements are given
by one and the same author: the so-called old-wood tone of 50’s Les Pauls is of such
excellence that these icons cost a fortune today [G&B 10/08]. Personally though, I do think
that there is not much to the legend of the old wood [G&B 2/07]. A real 59 is, after all, the
holy grail that bewitches our ears. Apparently, there is something to that. [G&B 3/08]. The
so-called vintage market is a first-grade web of prejudices [G&B 4/06]. The sound depends
on the selection of the wood first [G&B 3/06].
Of course: the wood: The electrified solid-body guitar predominantly is an acoustic
instrument. The woods determine the character of the sound; the pickups contribute only very
little [G&B 02/00]. It should follow that if we change the wood, the sound would also change.
That is the primary tone, i.e. the sound in the air as radiated by the guitar itself, and as a
consequence allegedly also the “electric sound” generated by the loudspeaker. It is taken to
such an extent as self-evident that the electric sound is coupled inextricably to the sound
coming from the body, that test reports often not even clarify anymore what is designated
“smack”, “throaty”, or “funky” in this area. But is it really true that the guitar played “dry”
already reveals “it all”? Scientific theory vehemently objects – but the true old-wood guy will
not be ruffled in his opinion by something as academic as vibration theory … especially if he
has just spent a small car’s worth of dough on selected premium wood. Well then – let’s
experiment. Since it is practically (!) impossible to play an electric guitar with sufficient
reproducibility the same exact way again after exchanging the body, we choose a different
approach. A Stratocaster (American Standard) was played in the anechoic room in turn with
and without solid contact to an (open) wood cabinet. With contact indicates that the lower
bout of the guitar was placed on the cabinet; without contact means that the guitar was at a
distance of a few centimeters from the enclosure. Using this method it was possible to enlarge
the guitar body by a resonator of a volume of 75x39x25 cm3 and to more than double its
weight. The airborne sound was recorded using a measurement microphone (B&K 4190)
positioned at 10 cm in front of the neck pickup; in parallel the voltages generated by the neck
pickup was also captured. Just like in the “Stratone”-report [G&B 5/07], an experienced
guitarist continued to play an E chord in the lowest position. As was to be expected, the
change from “without contact” to “with contact” was clearly perceived when listening to the
airborne sound: the guitar sound stronger and fuller with contact – the drastically enlarged
body converted the Strat into a kind of semi-acoustic guitar. So, with the purely acoustic
sound telling us the whole story about the primary tone of this modified Strat, the electric
sound would have to show a similar difference. Getting a bit uneasy now, dear wood-freaks?
A small difference maybe? A slight trend, at least? Mind you, the body of the Strat has
increased by half a square meter. Let’s listen, and let’s take some measurements.
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Fig. 7.86: Stratocaster. Left column: body with (–––) and without (----) contact to the wooden box.
Right column: with/without contact to the neck. Middle row: pickup output, bottom row: airborne sound

In its right-hand column, Fig. 7.86 shows 1/3rd-octave spectra of the pickup voltage and of the
airborne sound. The standard deviations of the 1/3rd-octave levels across 20 E-chords with and
without contact amounts to about 1 dB; therefore the differences visible in the graph for the
pickup-spectrum are definitely insignificant while the differences in the airborne sound
certainly are. However, we wanted to avoid getting too theoretical – so let’s move on to the
listening test: the microphone recordings reveal every single contact change, while from the
pickup signal not a single change can be identified. That’s 100% against 0% - it does not get
any clearer than that. Increasing the Strat body changes the airborne sound (the primary tone)
so dramatically that even the layperson will recognized the difference. For the pickup
signal, even the expert cannot hear any difference.
© M. Zollner & T. Zwicker 2019
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Just to be safe, the experiment was repeated the next day, this time using 2x32 E-chords. The
result was the same; changes in contact were very clearly audible in the airborne sound while
there was no way to hear from the pickup signal whether the guitar had any contact to the
wooden box or not. There is a simple explanation: the retroactive effect of the guitar body on
the string is so minute that the pickup voltage changes only insignificantly. From a very
theoretical point of view, the voltage must change a tiny little bit, after all – but we were not
going into much theory here: that was considered extensively in Chapter 1.6. Or by Fleischer
[8], who puts the differences between acoustic and electric guitar very nicely in a nutshell:
while in an electric guitar the strings are to be kept as immobile as possible at the bridge,
they have to rest on a moveable bearing in the acoustic guitar. There is no other way to
convert the string signal into sound in a purely mechanical manner without electro-acoustic
means. In the acoustic guitar with its efficient coupling between string vibration and
airborne sound, the material of the top merits highest attention because the top needs to
vibrate and radiate the main share of the airborne sound. Compared to this situation,
vibrations in the body of a solid electric guitar are of subordinate significance. This does not
mean that just any material would be suitable for the electric guitar, and that its body has no
impact at all: rubber would indeed be not conducive. However, if contact to half a squaremeter of blockboard has no audible effects onto the electric sound, the issue of whether the
body is made of ash or of alder moves rather far into the background.
Besides the body, there is another resonator that is the object of any evaluation of a guitar: the
guitar neck. Due to its elongated, relatively thin shape, it is predestined to exhibit Eigenoscillations (natural oscillations), and its material is subject to extensive speculations, as well.
Therefore, in a second experiment, the headstock of the Stratocaster was brought into contact
with the wooden box, or not – so again it’s with and without contact. The results can be seen
in the right-hand column of Fig. 7.86, and this time we can isolate a small effect: at two
places in the pickup-spectrum, small differences show up – they may just be noticeable. In
theory, that is – practically, again no difference was audible in the listening tests. In contrast,
the microphone signal did sound different. It seems that the two small changes in the pickup
signal do not weigh in sufficiently compared to the many 1/3rd-octave levels that remain (on
average) the same. The acoustician is not surprised about any slightly more pronounced
differences in the pickup spectrum that appear as the neck is brought into direct contact with
the wooden box: the neck could operate as transformer (lever) and improve the matching to
the wooden box. To verify this hypothesis, supplementary vibration measurements would be
required; but these were dispensed with because the effects are too small.
And so we arrive at our first conclusion: those who enthusiastically record the airborne sound
of a solid-body guitar, those who may even consider such activity as the main purpose of such
guitars – they certainly will be wise to pay attention to the material and build of the guitar
body. We other guitarists who plug the guitar into an amp that we then turn up, we should
only think about the wood when it comes to ergonomics or cosmetics; the luthier will not
have used insulation board for the instrument i.e. the material will be ok. Back in the day, Leo
Fender cut up wood that was affordable and in reach to him – neither ash nor alder are
classical tone woods, and they don’t have to be, either. For the acoustic guitar, things are very
different: who would ever bolt a steel-sheet casing of the dimensions of an external 2.5” hard
drive to his or her pre-war Martin? Fender does that for their VG-Stratocaster, and nobody is
bothered; the guitar fully meets all expectations [G&B 7/07]. A hole for the battery
compartment is also milled into the body – great guitar, still! And why not, the thing will
work as long as neck and bridge can be solidly fixed to the body. With the Martin (to stay
with the example), that situation would be very different, but that guitar is something else
entirely, compared to Fender’s VG.
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Would all the energy fed to the guitar via the plectrum be (acoustically) converted into sound,
an SPL of more than 90 dB at the ear of the guitarist would result. In reality, we find only 60
dB, corresponding to an efficiency of a mere 0,1%! In fact, the energy in the airborne sound is
a part of the original oscillation energy of the strings, and thus any changes in the airborne
sound do indicate changes in the string damping – but this effect is most insignificant. If we
assume the hearing threshold to be at an SPL of 10 dB (as a simplification), and a decay time
of the tone of 6 s, the guitar sound having 40 dB SPL initially would become inaudible after 6
s. A cavity (resonator) coupled to the guitar improves the sound radiation to 50 dB SPL, and
we hear the guitar sound for 8 s – the decay time is the same. If we amplify the pickup
voltage, and have a loudspeaker generate an SPL of 70 dB, we hear the string ringing for 12 s.
There are several simplifications in this scenario, but the basic principle remains clear: the
time we hear the strings of the unamplified guitar ring says nothing about the mechanical
damping of the strings, nor does it indicate anything about the sustain of the guitar played
through an amp.
Drilling holes into the guitar body that later are again covered up by a panel (the pickguard)
will have a significant impact on the vibration behavior of the body. In a Stratocaster (Fig.
7.86), the pickguard covers almost half of the upper side of the guitar body and will
necessarily influence the sound radiation. Of course, apart from the size, also the local
distribution of the vibration velocity is important for the sound generation of such a panel, and
here we run into difficulties. There is no doubt that the pickguard vibrates, but how does it
vibrate? Over the years, the thickness and the material have changed; for some periods there
was an aluminum sheet between wood and pickguard; then again the sheet was replaced by a
mere foil, and even the number and placement of screws fastening the pickguard varied. In
later years, the cutout in the wood was enlarged so that humbuckers could be accommodated,
up to the point where a huge section of wood between neck and bridge was removed. All this
will supposedly have no impact on the sound, as long as ash (or alder) is used for the wood of
the body? Only the wood determines the sound? An allegation that is highly questionable.

Fig. 7.87: Transmission from excitation force to SPL (bold line: w/pickguard, thin line: w/out pickguard).
Right level differences; positive values = pickguard amplifies, negative values = pickguard attenuates.

A simple experiment demonstrates the effect of the pickguard: via a shaker (B&K 4810)
located close to the bridge, a Stratocaster was subjected to vibration in the anechoic chamber,
and a measuring microphone (B&K 4890) recorded the radiated airborne sound in front of the
guitar body. Fig. 7.87 shows the transmission from excitation force to airborne sound: with
pickguard, and without. Clearly, the pickguard changes the radiation by more than ±10 dB –
in fact that’s just the behavior that may be expected given a bolted-on cover. As we change
the torque used to fasten the mounting screws, the radiation changes, as well; the same
happens if we sand down the surface the cover rests on. The voltage of the pickups is not at
all affected by any of this in any way. It may be relevant for the “dry test” (i.e. the purely
acoustic sound of the solid-body electric guitar). It’s just that the “dry test” itself is entirely
irrelevant (for the electric sound of the solid-body electric guitar).
© M. Zollner & T. Zwicker 2019
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7.8.2 "Stratone"
A citation from the German magazine “Gitarre & Bass”, issue 05/2007: For the sound,
density, elasticity and hardness are decisive. Compared to ash, alder features a 10 – 20 %
smaller density, i.e. a smaller weight relative to the volume – resulting in a faster response.
The oscillation excited by the guitar string needs to push less mass. Furthermore, the smaller
mass of alder results in a higher Eigen-resonance of the body. Resonances in particular
absorb much oscillation energy, and so these frequencies disappear first. Ash, however,
sounds brighter, and richer in harmonics.
The faster response of alder mentioned above is further supported by the material’s higher
elasticity. While the density describes the amount of mass per cm3, the modulus of elasticity
describes the maximum pressure that wood can mount against an external force without any
permanent deformation.
Alder’s higher elasticity (relative to ash) has the effect of a cushioning of the vibration and
thus of extraction of energy from the string, resulting in a shorter response time (i.e. harder
attack), but also in a shorter sustain.
From the point-of-view of sound, the hardness of wood is considered in conjunction with the
density. Harder woods, especially those with a high density, react substantially more
sluggishly to vibrations than softer woods, and extract less energy from the string. The string
shows a slower transient response but holds the vibration for a longer time. In the present
case, ash is categorized as medium-hard to hard (i.e. with longer sustain), and alder as soft.
Compared to a Stratocaster made of alder, ash sounds harmonically richer and has longer
sustain. On the flip-side, the response of alder is more direct, the guitar reacts more
dynamically.
So much for the first part of the article, titled Body. Stating: Alder has a smaller density
relative to ash – is that already incorrect? No, that’s o.k. as such, especially in a magazine
article with the required reasonable length. Of course, there is not “the” alder nor “the” ash –
we find black, white, green and red alder, and black, white and green ash (the latter also
termed red or swamp ash), and of course the climatic conditions under which the trees grow
will vary resulting in different physical parameters. So, only a radical simplification is the
way out, if you do not want to “go down for the third time” already in the first paragraph,
with special literature describing not just three but “65 different types of ash”. Given this
simplification, alder has a 10 – 20% smaller density: 0.55 g/cm3 versus 0.69 g/cm3. We most
humbly add that according to datasheets there is also heavy alder at 0.86 g/cm3, and light ash
at 0.41 g/cm3. In dried condition, that is, because humidity will also influence the density.
However, whether a smaller density will result in a faster response is unfounded speculation.
The oscillation excited by the guitar string needs to push less mass. O.k., so what? A mass
alone will not define any attack-time. And most of all: it is the vibration of the string that the
pickup of the Stratocaster investigated here samples, and not the vibration of the body.
Furthermore, the smaller mass of alder results in a higher Eigen-resonance of the body. Huh?
How does that work? A resonance frequency depends on both mass and stiffness, and nothing
has been said about the latter so far. Body resonances exist – no contest there. But they exist
already from a few hundred Hertz, and their impact on the string vibration remains purely
speculative in the article to begin with.
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The faster response of alder mentioned above is further supported by the material’s higher
elasticity. While the density describes the amount of mass per cm3, the modulus of elasticity
describes the maximum pressure that wood can mount against an external force without any
permanent deformation. We are now leaving the area of journalistic freedom and encounter
the first grave error that unfortunately exposes the author as rather ignorant and apparently
missing crucial knowledge. To confuse elasticity and mechanical strength – that must not
happen. The E-modulus – abbreviated from “modulus of elasticity” (or Young’s modulus) – is
a characteristic variable in the area of elasto-mechanics. Elasticity is the characteristic of a
solid body to resist a deformation caused by external forces given linear, reversible behavior.
Now, the modulus of elasticity is NOT the limit of the linear behavior but specifies the
behavior far below the limit of linearity (i.e. at small loads). Indeed, while this modulus of
elasticity does have, with N/mm2, the same unit as the pressure, it does in no way specify a
maximum allowable pressure. Dear young friend who writes about limit values in such an
easygoing way, have you at all considered that this would-be limit-pressure for ash would be
approximately reached if the mass of a car (1300 kg) pushes down on 1 mm2!? Or if 9 combat
tanks weigh in on the surface of one Euro (translator’s remark: that’s about as many tanks
loaded onto the surface of one quarter US-$)!? No way, not even high-grade steel could
withstand that. The E-modulus is a kind of specific stiffness: for alder about 9000 N/mm2, for
ash about 13000 N/mm2. Alder’s higher elasticity (relative to ash) has the effect of a
cushioning of the vibration and thus extraction of energy from the string, resulting in a
shorter response time (i.e. harder attack), but also in a shorter sustain. Indeed, alder features
a smaller E-modulus, i.e. a smaller stiffness and thus a higher flexibility (which we could call
elasticity) – but besides that, things already go awry again: extraction of energy, i.e.
dissipation, will happen only in resistive elements (friction resistances) and not in springs.
With the E-modulus, a parameter for spring stiffness was chosen, and not one for losses. How
fast the vibration energy of the string is converted into heat depends on several parameters
(see Chapter 7.7), the E-modulus alone does not help us here.
Since we have at our disposal now a specific stiffness (= E-modulus) on top of the volumespecific mass (= density), let’s have another look at the resonance frequency. Assuming a
piece each of ash and alder with the same dimensions, the mass of the piece of ash will be
larger than that of the piece of alder – at least given the simplifications discussed above.
However, not only is the mass of the ash larger but the stiffness of the material is also higher,
and since the resonance frequency is dependent on the quotient of stiffness over mass, the
resonance remains the same in a first-order approximation. No further speculations are
allowable because both density and E-modulus vary – the piece of alder will therefore not
universally have the higher resonance frequency.
From the point-of-view of sound, the hardness of wood is considered in conjunction with the
density. Harder woods, especially those with a high density, react substantially more
sluggishly to vibrations than softer woods, and extract less energy from the string. The string
shows a slower transient response but holds the vibration for a longer time. In the present
case, ash is categorized as medium-hard to hard (i.e. with longer sustain), and alder as soft.
Ash is harder that alder, that much is correct. Any connection to transient processes (that is
the term systems-theory has for “attack” and “decay”) is totally speculative und unfounded. A
transient process cannot be explained by a single material parameter. Which system should be
in transient, anyway: the string or the body? If the body reacts sluggishly, the string should be
able to respond quickly, shouldn’t it?
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Compared to a Stratocaster made of alder, ash sounds harmonically richer and has longer
sustain. On the flip-side, the response of alder is more direct, the guitar reacts more
dynamically. At last, here we have a statement that does not ride on any pseudo-scientific
reasoning, and, as a subjective opinion, it does not make itself very vulnerable. It the author
perceives it that way, he certainly may write it down. It is, however, clear from what follows
that the unamplified sound radiated from the solid body is meant – but that sound is so
unimportant that it does not take long to deliberate whether the descriptions are correct.
So what remains as a first appraisal before we turn to the neck of the guitar? There are some
reasonably correct statements regarding density, stiffness, and hardness, we read some
unfounded or even incorrectly reasoned assumptions regarding resonances and transient
processes, and we find speculations about the holiest of all cows – the sustain – without a
single word about material-specific damping parameters. But let’s see how things progress:
From 1959, a rosewood fretboard was used because of its higher durability. Taken by itself,
the higher density and hardness of the rosewood would point to a more pronounced content of
harmonics. However, the overall construction with the glued-on fretboard results in an
additional disruption of the sound propagation within the wood – this makes for a softer and
slower string attack in the rosewood-fitted neck compared to a solid maple neck. Are you sure
about that? Is it the string that is excited by the guitar body? It is almost as if the guitar player
hits the guitar, the body of which needs to start vibrating in order to then make the strings
vibrate. Just to be clear: the guitarist deflects the string with the pick, or fingernail, etc., and as
soon as he lets the string go, it commences to vibrate. The latter happens very, very quickly,
and completely independently of the guitar body during the first few milliseconds. That a
string will start to vibrate more slowly and mellow – that is nonsense. From 1959 – 1962, the
interface between the maple neck and the rosewood fretboard was flat (slab-board). The
sound becomes particularly meaty and fat, and gives an enormous depth to the characteristic
mids. In the book by Day/Rebellius, that reads rather differently: the "slab-board" is one of
the secrets of the renowned, old, crystal-clear vintage sound. And then we find other verdicts,
as well: the direct A/B-comparison between a poplar-Strat with one-piece maple neck and an
ash-Strat with maple/rosewood neck indeed reveals only minute differences (Gitarre & Bass,
Fender special edition). Even more radical is the statement by Lemme: a one-piece maple
neck and a neck with (extra) fretboard sound identical [Lemme, 2003].
And on we go to the “playing-in”: scientifically, playing a stringed instrument for a long time
implies, first of all, that the instrument is subject to vibrations for a longer time. Hard to
believe: that is actually totally correct! But then: the effects are almost impossible to capture
analytically because a piece of wood excited by the corresponding vibrations would have to
be compared to an identical piece of wood that has been merely stored and not played. Or as
alternative: we would have to construct a setup that allows for a reproducible picking of the
string both before and after the “playing-in”. That would not be impossible – but it is not
entirely trivial, either. Let us remember, though, that the energy transferred from the player to
the string is very small (typically a few mWs per struck string). If we would take the above
conjectures about non-reversible deformations seriously (granted – that sounds a bit polemic
here), then permanent deformations would occur only at more than 13000 N/mm2. So: no
worries, mate, in reality only about 0.1 N/mm2 weigh down on the wood, and that is even less
than the compressive strength specified in datasheets (around 50 N/mm2). We do not want to
dispute generally that a guitarist may perceive outrageous improvements in the sound after a
period of “playing-in”, but the reasons for that can be highly diverse.
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So much for the first part of this “specialist article” about the Strat. Given what we have
established so far, it ends with an outright threat: in the following issues I will report on the
development of the mechanical components and the electronics of the Stratocaster. This then
reads as follows: until the beginning of the 1970’s, bent steel was used for the bridge saddles.
The elaborate manufacturing process resulted in particularly dense material. Afterwards, the
bridge saddles were first made of brass, then of coated, cast zinc. Relevant to the sound is the
density of the materials – it dropped with each successive version of the bridge saddles. The
densest material then is the steel. Zinc is even lighter than brass. According to generally valid
material science, a less dense material absorbs less energy than a denser one. Excuse me?!
The density of brass is, according to generally valid books on material science, 8.1 – 8.6,
while that of steel is 7.7 – 8.0, and that of cast zinc is about 6.7, each with the unit kg/dm3.
How much energy a material absorbs (i.e. converts into heat) depends not primarily on its
density but on its internal damping parameters. The latter are, however, nowhere specified in
the text – rather there is speculation about frequency dependencies: less density and mass
result in fewer harmonics. In other words: higher density supposedly will give more
harmonics. A few lines on, however, we read: a Strat with bridge saddles made from steel
that sounds too twangy and sharp can sound milder and more balanced with bridge saddles
made of brass. How can that be? Brass is, in this group of materials, the one with the highest
density! It is hard to avoid the impression that the term “density” has been misunderstood.
What happens if you compress a material? It becomes denser! And what were the bridge
saddles of old Strats made from (according to Duchossoir)? From “pressed steel”! Well then
… pressed steel, that’s compressed i.e. mightily dense, isn’t it? No Sir, it ain’t – you failed to
understand what the term actually means. Pressed steel means: the part is made of punchedout steel bent into shape. That is what the bridge saddles of old Strats were made of, and how
they were made – in sharp contrast to the block-shaped pieces introduced later that – simply
due to larger volume – featured more mass. The latter aspect is, however, totally ignored, just
like the unavoidable friction occurring in the gaps between the parts of the bridge assembly.
It does get still worse, though: Compared to a block of cast steel as it has been used since the
1970’s, the earlier, cut-out block contains less oxygen and therefore has more mass. Oxygen
within a block of steel: now that’s not something the metallurgist likes – at all. From way
back, our memory switches on a red warning lamp when oxygen and iron show up in
combination: RUST! The generally valid material science comments: the oxygen bonded to
the iron atoms is present as FeO-slag after solidification of the molten mass, and can partially
be released to other metals (e.g. Al) as desoxidisation happens. In any case, the share of
oxygen remaining in steel is so small that it cannot have any substantial effects on the density.
That’s what material science says. The Stratone-author, however, says: predominantly, the
cut steel-block makes itself felt via additional harmonics and stronger attack. Rather on the
side, we are informed that the cast-iron block is thinner by 2 mm compared to the cut block.
That could also have an effect on the mass, couldn’t it? Nobody denies that the tremolo block
can influence the sound, but ludicrous conjecture (the behavior is similar for metal and wood)
does not help to get to the bottom of that. Quite amusing: another G&B-expert states in G&B
7/2005 that titanium would be the best material for the trem-block. Titanium, however, has –
at 4.5 kg/dm3 – an even smaller density than cast zinc, and therefore there should cause a
treble loss, according to the first author. Far from it, though: due to the titanium block, the
sound is richer in harmonics. Despite the fact that the titanium block – precisely weighed – is
roughly 120 g lighter than the original. Isn’t that strange? What does hold here: less mass =
additional harmonics (G&B 7/2005), or less mass = less harmonics (G&B 6/2007)? In any
case, we get: less mass = more money, because titanium was never cheap – 330 Euro, to be
precise. That’s just for the trem-block, not for the guitar, and including stainless-steel screws
… for titanium screws would have cost another 40 Euro extra.
© M. Zollner & T. Zwicker 2019
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Before we call in frequency spectra to corroborate this G&B-mess of loosely collected
conjecture, let’s digress a little into vibration engineering. We read: the nut is supposed to
transfer the vibration energy as completely as possible into the neck. Sure: the neck should
vibrate tremendously, and the string should transfer its vibration energy as completely as
possible to the neck, and consequently stop vibrating … This would follow from the wellknow physics-law of conservation of energy. Because when the string has transferred all its
vibration energy to the neck, it has no vibration energy anymore itself. Too bad, we would
have gladly granted it that extra sustain, the holiest of cows. But more about that later.
Now, the Stratone-author does not limit himself to conjecture about the scientific reasons for
differences in sound, but he procures 7 different Strats, and analyses their sound: for the
recording of the unamplified sound of the guitars, a Rhøde NT2 condenser microphone was
positioned at 10 cm distance pointing to a spot between neck pickup and heel of the neck.
Then analysis was done using short-term DFT. The spectra depicted in the magazine are
without scaling on the ordinate and can therefore not purposefully be evaluated. However, the
sound files were also available at www.gitarrebass.de, and with these a scaled analysis could
be carried out. We will not right now go into whether it is meaningful at all to analyze the
purely acoustic sound of these solid body guitars; let’s just look how the measurements and
the G&B-statements line up.
Subject to analysis are alder-Strats built in 1959, 1962, 1972, and 1974, as well as ash-Strats
built in 1972 and 2005. The 1995 alder-Strat was not evaluated – its file differed too much
from the others. In the following analyses, ash-Strats are designated with an S and alderStrats with an L. Under scrutiny is the G&B-statement: compared to the alder-Stratocaster,
the ash-Stratocaster sounds richer in its harmonics and has a longer sustain. In Fig. 7.88, the
analyses of the first 4.5 s of sound are shown. And here we already run into the first problems:
the sounds result from an E-major chord played across all 6 strings – but the author was not
aware that he should strike all 6 strings as similarly as possible for all test sounds. And so the
plectrum gets caught a bit in this string or that string, or it audibly strikes the pickguard. Well,
we have to live with these inadequacies – no other recordings have been published. Let us
regard the first statement: compared to the alder-Strat, the ash-Strat sounds richer in its
harmonics. The 1/3rd-octave spectra averages over the first 4.5 s do not confirm this
assumption: it’s the 1972-alder-Strat that featured the strongest treble. In the summation level,
the assumption regarding the sustain cannot be confirmed, either: an alder-Start is ahead only
between 0.5 and 1.2 s, from then on there is no difference remaining between 2 ash- and 2
alder-Strats. Since for all guitars the higher-frequency partials decay more quickly than the
lower-frequency partials, a faster decay of the overall level is to be expected for more trebly
sounds (slightly simplifying things): the more the higher partials define the overall sound, the
faster the latter decays.
Of course, one may object to these analyses that neither the summation level nor the
averaging over 4.5 s is very meaningful. Narrow-band level measurements, encounter other
problems, however: the levels of individual partials decay only in exceptional cases according
to a simple exponential function, and beats often occur due to circular wave polarization and
due to bearing impedances dependent on the direction of the oscillation (Chapter 1.6).
Moreover, there are interactions between the partials of individual strings that can lead to
pronounced beating. Fig. 7.89 shows the 1/3rd-octave levels for the individual guitars. The
1/3rd-octave level at 80 Hz approximately captures the E2-fundamental that may decay both
for the alder- and the ash-Strats with or without strong beating – no confirmation is found in
these measurements that ash-Strats would have a longer sustain.
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The comparison at 125 Hz is different in that with one single exception, all 1/3rd-octave levels
decay with practically the same speed, but again there is no longer sustain apparent for ash.
Yet different again is the situation for the 160-Hz-level: all 6 measurement-curves differ
significantly – as it is the case at 500 Hz, as well. Given such strong level-fluctuations, a
general statement in the sense of ash-Strats have a longer sustain has no foundation.

Fig. 7.88: 1/3rd-octave spectra (left) und overall level (right); sound-files acc. to G&B 5/2007 p.212, normalized.

Fig. 7.89: Decay of individual 1/3rd-octave levels. Since in these curves only the decay (or the slope) is of
interest, they were vertically shifted for best possible evaluation and comparison.

Fig. 7.90: Decay of individual 1/3rd-octave levels, compare to Fig. 7.89.
© M. Zollner & T. Zwicker 2019
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It does not make any sense to measure the beating-parameters, because with a minimal
detuning of one or more strings, the beating will change. Such beats also show up in the
waterfall-spectra published in the G&B-article albeit there is no scaling. As we move towards
higher frequencies (Fig. 7.90), the beating decreases in strength (many partials per 1/3rdoctave), but again the statement regarding the difference in sustain cannot be confirmed. At
1.25 kHz, the ash-Strats correspond to two alder-Strats, and at 2.8 kHz already the two ashStrats (red/magenta) differ significantly from each other. Conclusion: the level measurements
cannot support any significant difference in sustain between ash and alder. Even before we
advance to the core question of whether parameters in the airborne sound have any relevance
for the pickup signal, we have to recognize that already the statements about the parameters of
the airborne sound fail to bear objective scrutiny. Therefore, dear Strat-analysts: don’t forget
to always put a scale to the ordinate – then you will see this result yourselves, too.
While it is highly commendable that statements regarding the wood are deduced from results
of experiments, the framework for these experiments still needs to fit, and the investigated
guitars must exclusively differ in the wood. In the present experiments, they do not – as the
G&B-author attests. Most important for the decay process of the string vibration is the
distance of the string to the frets, and the initial displacement of the string. No information at
all is given about the condition of the frets, and we can only surmise that the guitars were not
refretted before the experiments. Not even regarding the action (distance from string to frets
or to fretboard) there is any information, and the author is silent about the age of the strings,
as well. So what’s the point here? If we carry out such experiments, it is mandatory to restring
all guitars with the same kind of strings, and the action needs to be adjusted to be as similar as
possible. The strings must be reproducibly picked with a suitable device, and even the support
for the guitar is significant: already lightly gripping the guitar neck with thumb and 1st finger
(without even touching the strings) changes the decay behavior quite substantially (compare
to Chapter 7.7). However: even with perfect conditions, what actually is the connection of the
airborne sound recorded at a distance of 10 cm from the guitar to the voltage generated at the
output jack? That is the central question here … but the answer shall be put on the backburner
because there is a lot of text regarding the guitar electrics still to be looked at. The signal runs
through a capacitor that presently has a value of 0.022 µF. In combination with the coil it
forms a band-pass. Close, but topologically this is a low-pass (series-L and parallel-C). Our
comparisons show that the more massive build (of the capacitor) promotes a more musical
effect due to fewer frequency cancellations in the pass-band. The sonic image of the larger
capacitor seems fuller and denser. What rubbish – here a blind man judges colors. The passband is in fact characterized by passing signals, not cancelling them. Also, what is actually the
pass-band of this band-pass? What does a more massive build indicate? Smaller, i.e. less
(geometric) volume? Ceramics rather than foil? Or more weight? Very puzzling, this …
Regarding the pickup: sonically relevant is not only the main resonance that can be
calculated mathematically, but also the countless ancillary resonances and cancellations. The
winding is mainly responsible for this … back in the day it was customary to guide the wire in
such a way that overlaps would result i.e. that not all turns were exactly in parallel. This
method is called biphilar winding. Okay … phew … after we’ve all managed to compose
ourselves again, and have not incurred any permanent damage by this blow, let’s get this
straight: a bifilar winding is set up if induction is not desired – in short. The term is bifilar
(not biphilar) because two threads (Latin: filum = thread) are wound. Using today’s
terminology we would say: two parallel wires with connected beginning are wound. The two
ends then make for the connection poles. A coil with two opposed windings will result i.e.
one without inductance (idealized).
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Had the pickup a bifilar winding, no voltage could be induced. What the author means to
address is “wild winding” or “cross-winding”, in contrast to “winding in layers”. Differences
exist between how old and new pickups were wound – no contest there – but there was never
ever a bifilar-ly wound pickup. Still, a clear sonic tendency of the biphilar winding can be
recognized: our investigations show that the magnetic field takes on more homogenous
characteristics compared to a machine-wound coil. Certain level-values of the resonances are
simply not exceeded. Level-values of resonances? Does the man mean the Q-factor of the
resonance? Why doesn’t he then just use that term? And what are those resonances that
allegedly occur in countless numbers? They may not be countable as we progress towards
infinity – with a pickup, though, 10 kHz is the utmost limit. Even if we think 20 kHz is
required: there are not countless resonances. It is indeed not possible to model every pickup as
a 2nd-order-system (i.e. with one single resonance), but with a 4th-order-model we get
extremely close. However, apparently, something else is meant: the result of the machinewinding is a frequency graph with very narrow and very loud level peaks … Moreover the
coil is more loosely wound by hand, resulting in more resonance frequencies in the treble
range. Here we can’t help but suspect that when regarding spectra he has not really
understood, the author interprets maxima generated by the string-partials as pickup
resonances. Or does he imply that the hand-wound coil has a lower winding-capacitance
resulting in a main resonance of higher frequency? The term “winding capacitance” doesn’t
appear anyhere, though – but we do find: from a higher inductance, an upward-shift of the
main resonance results. Wrong again: the resonance frequency drops with rising inductance.
Why is it actually absolutely necessary for a person to write a “specialist article” in a socalled “specialist magazine” if that person is not at all, in any way, a specialist in the given
specialist area?
And we get to the wire: given a diameter of 0,0030", the wire was, 46 years ago (i.e. 1961,
thicker by 0,0004" compared to today. Combined with the fact that today 400 more turns are
included, a smaller inductance results, i.e. a lower output voltage of the old pickup. Whether
a diameter with or without insulation is meant remains unclear. Duchossoir opines that from
the 1950’s to the 1990’s, 42-AWG was used always, i.e. 63,5 µm Cu … may the better man
win. The number of turns varies so strongly over the years (according to Duchossoir: from
7600 to 9000) that “400” should be interpreted rather generously. And at last the insulation:
not only the thickness of the coating has an effect on the sound, but the material, as well,
because the material surrounding the copper within the coil has, acting as a dielectric, a
direct influence on the magnetic field. Nope – again close but no cigar: dielectrics act in a
polarizing fashion in the electric field, while in the magnetic field, the permeability is the
quantity with direct influence. The Formvar coating consisting of a resin composite makes for
a more open and lively sound than the chemical Polysol layer. Of course: the chemical stuff
doesn’t sound right! What does the chemical scientist comment regarding Formvar, though?
Formvar lacquers contain polyvinyl-acetal to which phenolic resin is added. And phenolic
resin is counted as a … chemical synthetic.
A person testing a guitar is certainly at liberty to write as a conclusion of his labors: I like the
1962 Strat the best. However, as soon as this subjective evaluation is being substantiated with
misunderstood scientific principles, the dulling of the reader’s mind begins. Mistakes happen,
of course. The admitance, the cahtodyne, the E-modul – even biphilar would not be worth a
single line if it were just a spelling mistake. Specialist magazines with a good reputation have
an editorial office and proof reading where most of the smaller errors are caught and ironed
out. They also have a reviewer who will point out subject-specific deficiencies.
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7.8.3 “Flachjournalismus” – Where’s the bottom in that barrel of specialist journalists?
Translator’s note: I choose not to translate this very satirical sub-chapter since much of its effect
relies on idiosyncrasies of the German language and on specifics of the music scene in Germany
(especially the Munich scene into which the author has some serious personal insights) and
Austria. To those with some knowledge of German and looking for a laugh, reading of the chapter
is highly recommended – although they should not expect much scientific gain from it. I might still
try to do a translation in the future, but it will be a real labor of love to match this pun on rock
concerts, music magazines and specialist journalism to American and/or British culture.
Thorbi hatte Ungeheuerliches entdeckt. Eigentlich war er zwar völlig privat unterwegs, aber was heißt schon
privat – ein Starfotograf ist praktisch immer im Dienst. Eigentlich ... eigentlich sollte um 21:00 der
Liedermacher Wolf Amboss im Zirkus Krone eines seiner zahlreichen Comebacks performen, doch nun war's
schon 21:30, und das Volk wurde langsam unruhig. Also schlenderte Thorbi, der diesen Act der Nachwelt ganz
privat in Bild (legal) und Ton (nun ja) erhalten wollte, schlenderte also Richtung Bühne, Backstage. So ganz
dicht kam er zwar nicht ran, konnte sich aber (man kennt sich ...) einen relativ guten Platz direkt bei der Inneren
Security erobern, von dem aus er Amboss fast sehen konnte. Weil's aber eben nur fast war (wozu man auch
sagen hätte können, es war überhaupt nichts zu sehen), scannte sein Gehör die unmittelbare Umgebung, und da
wurde er Zeuge eines journalistischen Komplotts, das er seiner GuitarLicks&Tricks-Redaktion unbedingt
mitteilen musste.
Direkt neben ihm überlegten nämlich zwei arbeitslose Chemie-Abbrecher, wie sie zu Geld kommen könnten.
Das wäre zwar im Grunde so alltäglich, dass kein Mensch hingehört hätte, doch im Gedränge hatte sich Thorbis
Recorder eingeschaltet, ein Segen, wie sich alsbald herausstellen sollte. "... geben wir eine neue Zeitschrift
heraus ... Zange&Tupfer .... so mit Medizinberichten und Tablettentests und so ..." Thorbi rückte näher, um
besser hören zu können. "Nee, der Titel ist Scheiße, besser was mit Anspruch, Health&Care vielleicht?" "Das
können wir ja noch später, wenn wir die ersten Entwürfe fertig haben. Aufs Cover kommt immer ein Foto der
getesteten Tabletten, dazu ein Interview mit einem Chefarzt, eine Kolumne 'Das haut rein', weil der Piepenbrink
ja auch noch keine Stelle hat, dazu viel Pharma-Reklame, und zweimal im Jahr einen Bericht von der EITA.
Geil, oder?" Ehe eine Bewertung erfolgen konnte, öffnete sich eine Backstagetüre, und eine dickliche, schwarz
kostümierte Blonde lief heraus, etwas angewidert einen Lappen von sich weghaltend. Ganz automatisch brachte
Thorbi die Minikamera in Position, und vergaß für einen Augenblick das Tabletten-Komplott, doch – wie
erwähnt – der Recorder recordete sowieso schon. Durch die geöffnete Türe konnte man sehen, dass Amboss
nicht etwa, wie der Hallensprecher mehrfach durchgesagt hatte, im Berufsverkehr festsaß, nein, er war schon da.
Teilweise, zumindest, das Physische jedenfalls lag in voller Größe am Boden. Ein Unfall? Thorbi musste mehr
wissen, und stupfte Moski, den nahe im stehenden Security-Boliden, mit einem fragenden Blick an. "Hat was
Falsch's gessn" war die wenig ergiebige Antwort, doch die begleitende Handbewegung lies keine Zweifel offen.
Später erfuhr Thorbi, dass WA eine zufällig rumstehende Flasche mit einem Mikrofon verwechselt hatte,
probehalber reinsingen wollte, von der dabei rauslaufenden Flüssigkeit so überrascht wurde, dass ihm ein kleines
... äh ... Missgeschick passierte, auf dem er dummerweise ausrutschte und der Länge nach hinfiel. Als
Profimusiker sollte man wirklich mehr drauf achten, was man vor dem Gig isst ...
Im Raum, dessen Türe immer noch offen stand, liefen mehrere wichtige Leute hin und her, und ein Oberwichtl
rief mehrmals "so könn ma den net rauslassn, der Siggl soll sofort kommen". Der kam postwendend, sein
Gesicht hinter einem Bass versteckend, (Fender, Shortscale), und verschwand flugs in der Türe, doch Thorbis
Nachbarin hatte ihn schon erspäht. Ihr "mei is der kloa" war etwas deplaziert, und ihr "is die Nikoll aa do?"
attestierte ihr eine gewisse Ignoranz, die dem Münchner Opernpublikum aber auch nachgesagt wird und
stadttypisch ist. Denn der Eine hatte mit dem Anderen rein gar nichts zu tun, hier erhielt gerade eine im
Stadtwesten bekannte Boygroup die Chance, groß rauszukommen, doch das ist eine andere Story. Von
Backstage war nur mehr "zwoa extra starke Kaffee für'n Barny" zu hören, dann wurde die Tür zugeworfen, und
Thorbi hatte wieder Ohren für seine Nachbarn.
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"... hab ich schon Vorarbeiten für einen MAO-Hemmer-Test durchgeführt, etwa in der Art: Auf dem Zettel steht
zwar, mit etwas Flüssigkeit nehmen, aber ich mache zuerst immer einen Trockentes t. Schon dabei fühlt man eine
Art Vibrieren, das den ganzen Körper durchdringt und selbst im Bauch spürbar ist. Nimmt man beide Tabletten
zusammen, entsteht so eine Art glockiges, glasiges Gefühl, man durchlebt alle Höhen auf einmal, während die
Einzeldosis, (und zwar die Tablette, die am Rand der Cartridge sitzt), mehr ein erdiges, die Gefühle
verzerrendes Erlebnis bringt. Unsere Messung ergab, dass diese Tablette etwas schwerer war als ihre Kollegin:
3 gegen 2 Gramm. Dass die Anzeige der Küchenwaage in beiden Fällen zwischen 2 und 3 hin- und hersprang,
müssen wir ja nicht dazuschreiben, oder?" "Und das geht so einfach, ich meine, so ganz ohne großes
Drumrum?" "Natürlich, und am Ende schreiben wir noch eine plus/minus-Bewertung drunter ... und das einmal
pro Monat." "Aber wenn sich nun jemand auf unsere Bewertung verlässt, und das Zeugs kauft, ich meine – wir
sind doch noch keine Profi-Pharmakologen, wenn da ein Fehler drin ist, kann's da keine Schadensersatzforderungen geben?" "Tja, Kohle will ich keine rausrücken, dann nehmen wir halt ein anderes Sujet ..." er sah
sich prüfend um, bis sein Blick an einem Musiker hängen blieb, der, leicht schwankend, 'wo's mei Ka...ffee'
lallte, und dabei Halt an einer Gitarre suchte (Fender, Strat, weiß, relic). "Eine alte Stratocaster, das ist eine noch
bessere Idee, wir könnten doch auch ein Fachmagazin für Gitarren herausgeben, oder?" "Aber so richtig
Ahnung davon..." "Das macht nix, die anderen haben doch auch keine Ahnung. Ich schreib meinen TablettenTest über die MAO-Hemmer leicht um, Tonabnehmer statt Tablette, Henry statt Gramm, und du ..." er
unterbrach einen Moment, weil die Türe aufging, und eine Gestalt heraushuschte, hinter einem FenderShortscale Schutz suchend, "du machst die Bass-Testberichte. Vielleicht kriegen wir ja noch ein Interview mit'm
Amboss. Wenn der schon wieder einen Auftritt verkackt, kann er froh sein, wenn sich noch irgendjemand für ihn
interessiert." "Ja, aber besser erst morgen, wenn sich sein Zustand wieder normalisiert hat." "Lieber keine
Vermutungen, was bei dem normal ist. Wie heißt eigentlich die Ersatzband, die jetzt gerade einläuft?"
"Irgendeine regionale Boygroup, irgendein Murphy, der Sänger wahrscheinlich." Und weil aus dem Hintergrund
ein 'Basedow' zu hören war, kam's zu der viel beachteten Headline: AMBOSS WIEDER INDISPONIERT, MURPHY
BASEDOW RETTET DEN ABEND MIT BAYERISCHEM POP. Das mit dem gründlichen Recherchieren werden sie
schon noch lernen, den Umgang mit den Anwälten auch. Letztlich waren sie dann froh, dass (dank Thorbis
dezenter Vermittlung) bei GuitarLicks&Tricks zwei neue Stellen geschaffen wurden, und so begannen zwei neue
journalistische Karrieren ...
Amboss kam übrigens doch noch auf die Bühne, gerade als "Murphy Basedow" seine erste Zugabe spielte, war
aber leider nur zu sehen, und nicht zu hören, weil er in eine zufällig rumliegende Flasche sang, die er für ein
Mikrofon hielt. Umstehende sagten später, derartige Verwechslungen hätten auch ihr Gutes, aber das waren
vermutlich fanatische Murphinisten. Die verstehen ja auch nicht, warum zwei Tage später in ebay ein
Putzlumpen ("nicht neu, mit Gebrauchsspuren, backstage im Beisein des Künstlers versiegelt") für 18 Euro
versteigert wurde. Ja gut, man hatte sich mehr erhofft, aber dank prophetischer Weissagungen war man vorgewarnt gewesen: ... es is scho oos und du hast glaabt es fangt erst oon ...
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7.9 The Wood Determines the Sound?
Mahogany! Maple! Rosewood! Men oft believe, if only they hear wordy pother, that there
must surely be in it some thought or other [Goethe]. And the usual thinking is: “the electric
guitar is a musical instrument made of wood. In all musical instruments made of wood, the
wood determines the sound. The more noble the wood, the more noble the sound.” Goethe’s
witch’s kitchen – a suitable location for deception and magic – holds more such articles of
faith, but let us keep some distance from alchemy, and give physics the priority here: how
does the body of the guitar vibrate, and in what way will the vibration of this body influence
the sound? In the material-science course, every luthier learns about different tonewoods and
their sound-determining material-parameters: “the denser the wood, the more brilliant, treblerich the sound; the higher the stiffness, the longer the sustain (P. Day).” As if that were selfevident, this statement and similar ones are based on the assumption that the findings that are
valid for violins and acoustic guitars apply to electric guitars, as well. If we now add that
board of experts who listen to an electric guitar first of all without amplification, we quickly
arrive at a conglomerate of teachings that, between them, could not be more contradictory. All
the while two simple principles would really help us:
1) Compared to the acoustic guitar, the electric guitar functions very differently. Findings
derived from the one type of guitar may not be sight-unseen applied to the other type.
2) There is a connection between the vibration of the strings and the (airborne) sound directly
radiated by the electrical guitar. There is also a connection between the vibration of the strings
and the sound radiated by the loudspeaker – but this latter connection is very different from
the former.
The fundamental differences between acoustic and electric guitar become evident when we
look at the energy flow: being plucked, the guitar string receives energy that is in part
converted in to sound energy, and in part into caloric energy (heat). A – not untypical –
excitation energy of E = 3.6 mWs corresponds to the billionth part of one kilowatt-hour
(kWh); that’s really very little compared to household appliances but still enough to generate
a sound that is clearly heard. With an acoustic guitar, this energy can generate an SPL of
about 94 dB at the ear of the player; a Les Paul only reaches about 64 dB. A level difference
of 30 dB translate onto a power relationship of 1000 to 1, which confirms quantitatively what
was qualitatively already known: the electric (solid-body) guitar is a very inefficient sound
source – at least as far as the directly radiated primary sound is concerned. However, the
electric guitar is of course not intended to generate primary sound – it is there to generate
electrical voltage. The big difference between the two modes of operation: in the acoustic
guitar, the sound energy needs to travel “through” the body i.e. “through” the wood, while in
the electric guitar the part of the sound energy that is “reflected from the wood to the string”
is captured. Any conjecture that, in the electric guitar, the vibration energy needs to be also
fed to the guitar body as much as possible, is wrong. ”The biggest part of the string vibration
should be conducted into the body. If the latter is fed with unrestrained vibration energy, a
maximum of tone and sustain develops [G&B 12/05]." How should the string ring for a long
time (i.e. have a lot of sustain), if its vibration energy has gone into the guitar body? The law
of energy conservation dictates that energy cannot appear out of nowhere. The excitation
energy is present only once; the part of it that is fed to the guitar body is missing to keep the
string ringing. The banjo is a good example for an instrument that withdraws a lot of energy
from the string within a short time. However the sound of a banjo (and in particular its
sustain!) is not much like that of an electric guitar.

Translated by Tilmann Zwicker

© M. Zollner & T. Zwicker 2019

7.9 The wood determines the sound?

7-103

From a systems-theory point-of-view, the string represents a mechanical waveguide on
which waves propagate. As these waves impinge on the bridge and the nut (or the fret where
the string is fretted), one part of the energy in the wave is reflected, the other part is absorbed
by the bridge/nut/fret (and adjacent structures). Again, the law of conservation of energy
holds: the sum of the reflected and of the absorbed energy corresponds to the energy in the
wave impinging on the bridge/nut. We get a high rate of absorption if the wave impedance
and the impedance of bridge/nut/fret have comparable values. The wave impedance of the
string (see Chapter 2) depends on the diameter and on the material: typical would be 0.2 Ns/m
(E4-string) to 1 Ns/m (E2-string). These are very small values compared to typical bridge
impedances (100 – 1000 Ns/m). The situation is comparable to an airborne wave that hits onto
a concrete wall: because the wave impedances again differ by several orders of magnitude,
almost all of the sound energy is reflected. The same happens with the string: the vibration of
the string is, for the most part, not fed to the guitar body but it is reflected. In the solid-body
guitar, a degree of reflection of 99.9% for low-frequency partials is not untypical: of the
vibration energy arriving from the direction of the nut, 99.9% are reflected and only 0.1% are
absorbed. There is no other way a vibration could remain for any extended periods of time: if
for the E2-string 50% of the energy would be absorbed at each reflection, only 0.1% of the
initial energy would remain after only 10 reflections – and 10 reflections have happened after
a mere 60 ms for the E2-string! Given a 99.9%-reflection, 37% of the initial energy will
remain after 1000 reflections (that’s 6 s)♣. Therefore, a simple connection exists between the
decay time (the sustain) and the degree of absorption: the higher the degree of absorption, the
shorter the sustain. And here we arrive at an explanation that is not so easy to refute: if the
sound depends on the sustain, and the sustain depends on the absorption, and the absorption
depends on the bridge/nut/fret, then the wood of the guitar body will determine how the guitar
sounds, won’t it, after all?!
Given the intense and controversial discussions about the “tonewood”-topic, let us make a bit
of room for some fundamental considerations: if a string is struck once, its vibration energy
decreases over time. The main reasons for this decay are: sound radiation directly from the
string, internal absorption within the string, and absorption at the string bearings. The first
effect is so small that it is normally neglected. The second effect is significant in the middle to
high frequency range for unwound strings; this is elaborated in Chapter 7.7. The third effect is
the only one that can be connected to body-parameters. If we neglect the first two effects, the
string vibration – and thus a component of the sound – indeed is completely determined by
the guitar body. That is defining the “body” very extensively, though: it would have to
include everything that abuts to the string, in particular the bridge that for example consists of
18 individual components in the case of the Gibson ABR-1 bridge. There is much wailing all
over the place that the super-rare tonewoods of the early Les Pauls are not available anymore,
and thus the sound of these originals will never be duplicated. Interestingly though, the
question rarely asked is to which extent the individual pieces of the ABR-1 bridge were
deburred, and how clean the force fit between the movable bridge saddles and the base is. The
bearing impedances at the bridge and at the nut (or respective fret on the neck) strongly
influence the decay of the individual partials of the sound. Before the vibration energy arrives
in the body, it needs to traverse the bridge/nut/fret; the stronger these elements reflect the
vibration, the less important the material of the guitar body is.
All this is, however, valid for the acoustic guitar, as well – so what is basically different in its
sound generation compared to the electric guitar?

♣

We have neglected other mechanisms of absorption in this example.
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In the acoustic guitar, the sound to be radiated needs to first get from the bridge, via the
body, to the radiating surface; therefore the build of the body has an effect on the sound from
the very first millisecond. The top of the acoustic guitar, its bracing, its shape, the location of
the bridge – all this influences the radiated airborne sound from the first moment on. The
retroactive effect of these details onto the degree of reflection is, however, rather small. In
fact, it needs to be small so that a vibration can happen in the first place. It is exactly at this
point where the experienced master-builder is required: the optimization of that wooden
transmission-filter requires much specialist knowledge and – no contest – special materials.
While the guitar body shapes radiated sound from the very first moment, what happens to the
string is quite different: its vibration is at first not much influenced by the body – only with
time, the absorption at the bearings takes an effect. That is why two electric guitars fitted with
the same magnetic pickup and the same strings, and plucked in an identical manner, will
sound very similarly at the first moment. That’s irrespective of what wood they are made of♣.
The may differ in their acoustical sound because the mechano-acoustical filter may differ
drastically depending on the circumstances, but the retroactive effect of this filter onto the
string vibration is rather small in typical electric guitars. It is not conducive to cite that
famous rubber-guitar that supposedly had a terrible sound (if it existed at all in reality):
presumably its bridge impedance was not several orders of magnitude above the waveimpedance, presumably its degree of absorption was bigger that 0.1% … presumably that
guitar made from rubber is pure fiction.
The fundamental differences between the “electric” and the “acoustic” sound in electric
guitars may be explained by an example: two electric guitars reflect the wave energy in the
same way at 300 Hz, while at 600 Hz, one of the two (Git1) reflects 99.9%, and the other
(Git2) reflects 99.6%. Idealized, the energy lost by the string is completely radiated as
airborne sound. Given identical string excitation, these two guitars will radiate the same
sound energy at 300 Hz, while at 600 Hz, the radiated sound energy will differ by a factor of
4. Git2 radiates the latter range more loudly; a four-fold higher energy at 600 Hz corresponds
to a level difference of 6 dB. Apart from the differences in the radiated airborne sound, the
differing absorption will also result in a difference of how quickly the string vibration decays:
Git1 still features 95% of the original vibration energy after 50 reflections, while in Git2, only
82% remain. Expressed in levels, the 600-Hz-level drops by 0.22 dB during the first 50
reflections in Git1, and by 0.87 dB in Git2. The airborne sound between the two guitars
therefore differs by 6 dB from the first instant, while the electrical sound is identical at first
and changes by 0.6 dB by the 50th reflection. If we now drop the idealizing assumption that all
absorbed energy is converted to airborne sound, and if we allow dissipation (the absorbed
energy is partially converted into heat), then larger as well as smaller level differences could
be generated in the airborne sound. To carry things to extremes: both guitars are picked in
identical manner by a small actuator, but one of the guitars is located in a guitar case (the lid
of which does not touch the strings). How would now the electrical sound differ? And how
the acoustic, airborne sound?
The conclusion of these considerations can therefore only be: the geometry and the material
of the guitar body do shape the radiated airborne sound from the first moment on – but
regarding the attack of the “electrical sound” that is highly important for the perception of the
sound, there is only minor influence. The airborne sound radiated by an electric guitar does
correlate with the pickup voltage, but in a highly individual manner.

♣

Provided that the string can vibrate freely and does not hit the frets.
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The following example will show how much the spectra of the airborne sound can change
while the pickup signal remains identical: for a Squier Super-Sonic (similar to a Strat), the
pickup signal and two microphone signals were recorded at the same time (Fig. 7.91). One
microphone was at the position where the ear of the guitarist is usually located, the other
microphone recorded the airborne sound in front of the guitar at 50 cm distance. The two
airborne sounds differ significantly because the guitar operates as a dipole in several
frequency ranges, and destructive interferences (cancellations) happen in the plane of the
guitar body. These differences in (airborne) sound become also audible if the guitar is rotated
slightly around its longitudinal axis while playing: the sound immediately changes. That the
electrical sound does not change should be clear even to the most ardent skeptic. And a last
example: the airborne sound of the Squier changes as well when its body is set onto a
tabletop, because the radiating surface is enlarged. It would also be possible to say that the
body is enlarged. This change does, however, not have any audible effect on the electrical
sound.

Fig. 7.91: 1/3rd-octave spectra of a Squier Super-Sonic: airborne sound (––––), pickup voltage (----).
Microphone located in the plane of the guitar body (left), microphone located in front of the guitar (center),
level difference of the spectra of the airborne sound (right).

If the wood of the guitar body had a significant influence on the “electrical sound” of an
electric guitar, we would find a clear mapping between type of wood and sound attributes in
the corresponding specialist literature. Such mappings do exists but they show an astonishing
variation from source to source. For example, the sound attributes for alder read: sweet;
mellow; warm; many harmonics; restrained share of treble; gentle; fat bass; rather subtle
share of bass; strong mids; well-rounded share of mids; much sustain; accentuated; squishy;
good presence; undifferentiated; balanced; full sound; thinner in its sound compared to
basswood. How can a type of wood generate both an accentuated and a squishy sound? How
can it support a fat bass with a rather subtle share of bass? Sure, the above terms have not
originated with the same author, that’s a cross-section through many specialist articles. There
are several explanations for these clearly contradictory evaluations: it is not elaborated
whether the electrical or the acoustical sound is referred to, because (allegedly) everybody
knows that there is no big difference between the two: the electrified plank-guitar primarily is
an acoustic instrument. The wood makes for the character of the sound; the pickups only have
a small share. And thus a humbucker cannot exorcise the characteristic sound- and attackevolution from the Strat with an alder- or ash-body (G&B, 2/2000). The experts may borrow
approaches found in violin-making, because: what holds for the violin cannot be wrong for
the guitar, can it? Of course, the number of strings does differ slightly, and size and weight
are admittedly not the same, either. And, well … Stradivari did not actually build electrified
plank-violins, and there are no frets on a violin, either. But: both are made from wood! Still:
the apparently valid formula that old wood always is suitable wood is only correct in part. We
need to look more closely – which leads us directly to the Italian or alpine violin builders. …
Only so-called tonewood gives us, after processing, in the end those clean, vocal tones, a
dynamic and prompt response, and this hauntingly beautiful scope, or power of self-assertion.
© M. Zollner & T. Zwicker 2019
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Scope! In an electric guitar! Indeed, the pictures to which the cited text relates show Les Pauls
and Stratocasters. The dogma of the sound of tonewood is deep-seated – so deep-seated, that
many an author will do a true backwards somersault, and vote for and against at the same
time: every piece of wood has its own sound, we read in a book about electric guitars. A few
pages on, the author opines (in the same book): the sound of the electric guitar depends
largely on the pickup, but announces in the next edition: the body has – in the solid guitar, as
well – a decisive influence on the sound. Six pages on, we read in the same book: the
different sound of electric guitars is, to a large extent, due to the pickups. It gets even more
extreme in a different book: solid-body guitars may be manufactured in nearly all sizes and
shapes – significant effects on the sound should not be expected. The same author states 65
pages on: the sound characteristic of the electrical guitar is significantly determined by the
selection of the wood. Pickups and amplifier support the sound of the guitar but rarely
influence or characterize it fundamentally. In test reports, the contributors seem to be caught
in this corset, too. On the one hand, we find: Of course, the wood of the guitar body decisively
characterizes the Fender-sound. Ash sounds brighter and with more harmonics compared to
alder, and it features longer sustain. On the other hand, referring to ash-Strat vs. alder-Strat:
there are only minute differences in sound. Alder-Strat vs. poplar-Strat: they differ only in the
finest degree. Mahogany-Squier vs. basswood-Squier: almost identical sound. (citation from
reviews published in Gitarre & Bass).
How far the wood of the guitar body in fact determines the (electric) sound of the electric
guitar shall be investigated first given the boundary condition that the string can decay freely
(i.e. it does not hit the frets). Corresponding measurements were taken with a Les Paul ’59
(Historic Collection) that was fitted with a solid 26-mil-string as a D-string (fundamental
frequency = 200 Hz). This string was excited, next to the nut, with a short impulse; the
fretboard-normal velocity was measured next to the bridge saddle using a laser-vibrometer.
Fig. 7.92 shows the spectra of the first 21 ms of these velocity signals. The short length of the
analysis-interval results in a relatively broad leakage (i.e. a broadening of the spectral lines).
The excitation impulse approximately corresponds to half a sine wave; the spectral envelope
can be described as superposition of two si-functions. The lower line in the figure depicts a
calculation according to the correspondingly simplified model. There is relatively good
correspondence; the measurement results deviate only at a few places – and the following
elaborations focus on these discrepancies.

Fig. 7.92: Spectra of the first 21 ms after plucking the string. Two different excitations (left/right).
The lower row shows the spectra calculated according to a simplified model. “Messung” = Measurement
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All measurements confirm the hypothesis that the attack-spectrum is predominantly
determined by the string excitation. The difference between the spectra shown left and right in
Fig. 7.92 mainly consists in that the place of excitation was shifted by a few millimeters; as a
result the impulse-length and –envelope were changed. There are two places in the spectrum
(3.7 kHz, 7.4 kHz) where the measurements deviate from the model envelope in a two-fold
fashion: both the frequency of the partials and the level of the partials are not as calculated,
and in addition a partial at 3.8 kHz becomes visible that does not fit into the frequency grid.
All these deviations are clearly affiliated with the bearing of the string – but not necessarily
with the wood of the guitar body. Deviations in the frequency of the partials have already
been discussed in Chapter 2.5: a spring-like bearing that bounces up and down extends the
effective string length and decreases the vibration frequency, while a bearing characterized by
a mass effectively shortens the string and increases the vibration frequency. Additional
partials also have already been deduced in Chapters 2.5 and 7.5: as result of the bearing
impedance containing an all-pass characteristic. The bearing impedance is, after all, not
infinite but depends in a complicated fashion on the frequency. Its frequency-dependent
imaginary part renders the effective string-length frequency dependent; this leads to detuning
of the partials. The frequency-dependent real part results in frequency dependent decayconstants of the partials. All these aspects are string-specific effects of the bearings – the
exact source of which is to be documented in the following decay-analyses.

Fig. 7.93: Two superposed spectra, measured at a time interval of 100 ms. Frame = 21 ms, Kaiser-Window.
In the right-hand picture, only the spectrum measured after 100 ms is shown. * = areas of high damping.

Fig. 7.93 shows the measurement results of the string-decay analysis. A signal section of a
length of 21 ms recorded immediately after the plucking of the string was transformed into
the frequency domain via DFT-analysis; a second section recorded 100 ms later was treated
the same way. Comparing the two spectra (white vs. grey), we recognize the particularly fast
decaying partials: the strongest damping is found at 4.4 kHz – it shall be looked at in the
following. The second-strongest damping happens at about 3.8 kHz. Its cause becomes clear
as we look at the first few milliseconds of the signal (Fig. 7.84). Even before the relatively
slow flexural (transversal) wave reaches the measuring point (this happens at about 1 ms), a
faster longitudinal wave has already been reflected multiple times. Its effect is visible to the
laser-vibrometer only as an evoked transversal wave; this was already extensively elaborated
in Chapter 7.5.2. Since the impedance for longitudinal waves is about 20 times that of the
impedance for transversal waves [see appendix], the former wave-type finds much more
favorable matching at the bearing i.e. it is much more strongly damped.

Fig. 7.94: Measured lateral (particle-) velocity of
the string vibration. The circles mark the period of
an oscillation at 3800 Hz.
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The simple formula for the fundamental frequency of the longitudinal wave confirms the
approximate location of the frequency; but it gives, compared to the measurement, somewhat
too large a value: for a string length of 63 cm and a propagation velocity of 5 km/s we should
arrive at about 4 kHz, and not 3.8 kHz. However, on the one hand we do not know the exact
density and E-modulus of the string. On the other hand, the impedance of the bearing
determines the phase of the reflection for longitudinal waves, and with it the exact oscillation
frequency. To re-check, the length of the string was shortened by 6% via application of a
capo, which increased the frequency of the observed irregularity from 3.8 kHz to 4 kHz. Very
generally, the following holds for this and all following interpretations: the investigated
irregularities do not result from definite, isolated effects, but from an interaction of many
components. Mono-causality must not be expected here.
Let us now look at the extreme damping of the partial at 4.4 kHz, the level of which drops
by 50 dB during the first 100 ms. Cause of this attenuation is the resonance of the transversal
wave carried on the remainder of the string on the other side of the bridge. At the bridge of
the ‘59 Les Paul, the strings form a sharp bend as they run across an adjustable bridge saddle
that is shaped like a mono-pitch roof. The remaining piece of string (residual string) ends after
about 3 cm at the stop-tailpiece. Since, as a 1st-order approximation, we can assume the bridge
to be immobile with respect to lateral movement, any flexural wave should in fact be reflected
at the bridge. However, due to the non-negligible bending stiffness of the string, there will be
a bending-coupling of the two sections of the string, as discussed at length in Chapter 2. It
can be easily verified that the fundamental frequency of the residual string amounts to 4.4
kHz by directing the laser vibrometer to it. Further confirmation is given by a small metal
clamp that is set onto the residual string, detuning its resonances – indeed the damping effect
shifts from 4.4 kHz to 4.6 kHz (Fig 7.95).

Fig. 7.95: Change in damping of the partial via an additional mass on the residual string. ∗ = 4.44 kHz.

Next, the attenuation of the 12th partial (2.44 kHz) catches our eye. At 10 dB /100 ms, it is not
as pronounced as the damping experienced by the partial discussed above, but still clearly
stronger than for most other partials. Deploying the metal clamp on the residual string has no
effects on this partial … the cause for this damping is an Eigen-resonance of the famous
Gibson-bridge (ABR-1). This resonance can again be shown with a small clamp that is this
time fitted to the bridge (Fig. 7.96). Adding such extra masses is a simple and quick
alternative to high-effort scanning analyses. While it does not enable us to determine the
shape of the vibration of the bridge, we can easily verify its involvement in the damping of
the partial. Before this measurement, the bridge-piece had been slightly readjusted to optimize
the intonation – already that had effects on the decay of several partials. Attaching a small
clamp to the ABR-1-bridge detuned the bridge resonances and led to a further change in the
decay of the partials. With this modification of the bridge, both the damping at 2.44 kHz and
at 1.82 kHz can be traced to resonances of the bridge – although these resonances always
needs to be seen in their connection to the residual string and the tailpiece.
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Fig. 7.96: Changes in the attenuation of partials by attaching an add’l mass to the bridge. ∗ = 1.82 / 2.44 kHz.

As has already often been expressed: damping in musical instruments is not necessarily a bad
thing. The character of the instrument expresses itself in the damping of individual partials:
it’s the imperfection that results in individuality. Simpler said: the picking and the pickup
yield a spectral envelope, and the string bearing determines the decay of the partials. Not the
analyzer but only the listener decides what’s good or bad; and what is actually audible, as
well. Not all effects visible in an FFT-spectrum are audible, too.
Whether a partial is at all audible to begin with depends on so many parameters that just on
this subject, whole volumes are compiled [12]. If the 2.66-kHz partial decays faster than the
2.44-kHz partial, this is just about audible under laboratory conditions. A fundamental goodguitar/bad-guitar discussion must never be started on such a basis. To bear in mind the
heading of this chapter: none of these effects is due to the wood of the guitar body – these are
artifacts due to strings and bridge, and they are quite substantial just looking at the physical
parameters. From the viewpoint of subjective perception, they are “almost insignificant”,
however. The resonances of the Gibson bridge attenuate the partials slightly above and
slightly below 2 kHz, and lead to a coloring that speech-scientists would attest a trend either
upwards to the “i” or downwards to the “a”, because the 2nd formants of these vowels lie
above and below 2 kHz, respectively (Fig 8.44). Attenuation at higher frequencies quickly
looses any significance for a guitar fitted with humbuckers, because the transmission range of
these pickups does not extend much beyond 2,5 kHz. The main effect therefore lies with the
bridge resonances, and of course with the resonances of the guitar neck as the measurements
in Chapter 7.7.4.4 have shown. It is impossible to build a resonance-free neck: density and Emodulus result in masses and springs, and from this inevitably resonances. Fig. 7.97 shows
three Eigen-shapes of a beam clamped at one end. Transferred to the guitar, we would have
the body on the left side and the headstock on the right side. Real neck-resonances deviate
somewhat from this idealized picture, because the body does not represent an entirely
immobile clamp for the neck, because the cross-section of the neck is location dependent, and
because on top of the bending movement depicted here, there is also torsion of the neck
[Fleischer 2006].

Fig. 7.97: Shapes of Eigen-oscillations of a beam clamped at one end.

Not considering extra long baritone guitars and short 24”- or 22.5” guitars, the neck-lengths
of most guitars are very similar, and consequently we find similar Eigen-resonances. Not
identical, but similar. The neck-width may vary by 5%, the thickness of the neck by 10% –
these are not dramatic variations. The material and thickness of the fretboard will also modify
the neck-resonances somewhat, as will size and (a-) symmetry of the headstock.
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Comparing different guitars, Fleischer [2001] identifies the asymmetry of the headstock as the
source of torsion-resonances: below the lowest guitar tone (83 Hz), a bending vibration exists
that has no direct effect regarding the tone generation. Towards higher frequencies, two
characteristic bending-vibration shapes have been established that have frequencies of about
200 Hz and 450 Hz for guitars with substantially symmetric build. Due to additional torsionvibrations, the former resonance splits up into two variants in guitars with asymmetric
headstock. The frequencies of the two variants can be up to 50 Hz lower or higher than those
of the “homogeneous” main vibration. A splitting-up of the second of the mentioned
resonances (450 Hz) was only found in one extremely asymmetric guitar (Gibson Explorer).
At its Eigen-frequency, the neck can be made to co-resonate particularly easily – if the
excitation does not happen at the location of a node of vibration. If, however, the place of
excitation (the bearing of the string) is located at an anti-node, a lot of vibration energy can be
transmitted from the string to the neck – which strongly dampens the vibration of the string.
For the open A-string, this case does happen for the second partial (220 Hz): the decay
analyses depicted in Chapter 7.7 show a relatively fast decay for this partial, the main cause
being the neck resonance. However, not only the nut also the fretting hand can act as an
absorber if it touches the rear of the neck. The same holds even for the guitarist’s belly – it
will always somehow touch the guitar body. Has anyone compared the belly-admittance of a
gaunt teenager with that of, say, a portly elder bluesman? No? But you did compare the wood
of the ’61 Strat with that if the ’64, didn’t you? The true connaisseur can hear entirely
different characteristics in a ’61 Strat compared to a ’64 [G&B 3/06]. (Translator’s remark: in
German, the English term anti-node translates into what would literally translate as “oscillation-belly” – which makes for a
great pun here in the German version that makes no sense in its translation (“excitation of an oscillation-belly”) … and does
end with an apology to the great B.B. …

Let’s summarize: the guitar body gives support to neck and bridge, and therefore is not
entirely uninvolved. However, the body represents a practically immobile base for the bridge,
as long as we deal with solid-body guitars (as they were considered here). Towards the neck,
the body is not totally static, and therefore the exact resonance of the neck depends on the
body, as well. However, before you run along to speculate about ash/alder differences, do not
forget to take a look at how the neck is mounted: remains of lacquer, shims placed in
between, uneven contact surfaces, and loose screws are potential sources for problems, just
like bridges and bridge saddles resting on hollows, or bridge saddles with bad notches. A
cheap plank of wood sourced from your local hardware store can be the basis for a great
guitar, while AAAAA-wood seasoned for 80 years may lead to disaster if there is only one
single mistake made in a joint somewhere. Of course, 80-year-seasoned wood, combined with
error-free, master luthier-y … that creates space for that 5-figure-stuff, and why not?!
The thinner the string, the less it is affected at all by the resistive component of the bearingadmittance (or -impedance). This implies that the thicker the string, the more likely are
selective drops in the decay times due to the bearing. A set of 12s on an acoustic guitar will
be more strongly influenced in its vibration behavior by the guitar body than the set of 009s
on a Strat. Thus, if you chop up your SJ-200 to mount a Strat-pickup, sound differences to the
original Strat are easily conceivable. Within the group of solid-body electrics, however, the
wood the body is made of plays a highly subordinate role for the electric sound – here it is
(besides the guitarist) indeed the pickup that determines the sound. On the following pages,
the citations from literature that were already introduced in the introduction are again listed. If
the wood were actually and clearly a determining factor for the sound, these opinions should
not diverge so strongly.
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Thicker neck = advantageous regarding the sound (G&B 8/02).
Extremely thin neck = round, fat primary tone (Jimmy-Page-Modell, G&B 10/05).
A thin neck does not feature any acceptable vibration behavior (G&B 3/97).
The Ibanez JEM 777 has an extremely thin neck-construction: the basic sound character is
vigorous and earthy (Fachblatt, 6/88).
Thin necks do not sound right. A nicely vibrating mass in the neck makes for more than 30%
of the tone. Go for a build that’s as light as possible, because the best sound is generated close
to the breaking point of the materials (LuK-Guitars, G&B 1/06).
Something that’s not true at all is that thick necks sound better than thin ones. I have built the
same guitar with a thick and a thin neck, and could not find any difference. Luthier Thomas
Kortmann (gitarrist.net).
Thin neck: the smaller the mass that needs to be moved, the more directly and quickly
articulation and tonal expression get off the starting blocks (G&B 3/05).
Zappy and direct in its response, every note takes off in a quick and lively manner, despite the
immense neck-bulk (that needs to be set in motion to start with) (G&B 9/05).
It is of sonic advantage that the neck weighs in with a lot of mass (G&B, Fender special
edition).
Bolt-on neck = shortening of the tone (Meinel).
A bolt-on neck can yield long sustain, too (Lemme).
Indeed, glued-in and bolt-on necks feature equal decay times (G&B 3/97).
Generally, maple necks are known to give the instruments a percussive touch (G&B 4/06).
The "Slab-Board" (rosewood fretboard) is one of the secrets of the highly praised, crystal
clear vintage sound especially of Fender guitars (Day/Rebellius).
The neck fitted with a rosewood fretboard has a fuller sound than a one-piece maple neck
(G&B 5/07).
The sound of the slab-boards is particularly fat; mids of enormous depths (G&B 5/07).
A one-piece maple-neck sounds just like a neck fitted with a fretboard (Lemme).
I like fretboards made from maple much better than the ones made from rosewood since the
former have a much tighter, stronger sound (Eric Johnson, G&B special Fender-edition).
The maple fretboard results in a clearer sound, the rosewood fretboards sounds "meatier"
(Duchossoir, Strat).
Without doubt, using Brazilian Rosewood for the neck decisively contributes to the sound of
the PRS-513 (G&B, 2/05).
It is certainly not exaggerated that Rio-rosewood generates a “full octave of additional
harmonics” (Day et al.).
Rio-rosewood is much harder and quicker in the response compared to East-Indian types
(G&B 4/09).
But – that’s all horseshit, isn’t it? Old Indian rosewood sounds just as nice as Rio-rosewood,
after all (G&B 5/06).
It appears that the material used for the neck in fact exerts even more influence on the
primary sound than the wood of the body (G&B 4/08).
Solid-body guitars, however, may be built in almost all shapes and sizes – we should not
expect significant effects on the sound from this (Day et al. p.140).
Looking at the process of the sound generation, it quickly becomes clear that the condition,
and the type of wood used, exerts an influence on the sound of the instrument just as massive
as its design. (the same author, the same book, p. 206).
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Wood does not influence the sound (May, p. 144).
Wood influences the sound (May, p. 145).
High-grade wood is unnecessary (May, p.86).
The influence of the wood on the sound should not be underestimated (G&B 3/97).
The sound of an electric guitar depends mostly on the pickup (Lemme).
To a relatively strong degree, the sound of an electric guitar depends on the wood (Meinel).
The experts agree that the sound of a solid-body guitar is predominantly determined by the
electronics (Carlos Juan, Fachblatt Musikmagazin, 1996).
The sound does not mainly depend on the pickup – rather, the wood generates the basis;
therefore you should listen to an electric guitar without amp first (Jimmy Koerting, Fachblatt).
Pickups transform the vibrations they come upon into sound, and are not generating sound
themselves (G&B 5/06).
p.205: the type of construction has a massive influence on the sound. p.140: All sizes and
shapes in solid-body guitars, without significant effects on the sound. (Both: E-Gitarren).
Wood not only determines the color of the sound but mainly the information of the string
vibration. (G&B 02/00).
It’s probably known that light tonewoods feature particularly good vibration- and soundcharacteristics – this does not hold universally, though. Many a 4½-kilogramm-guitar has
turned out to be extremely resonant (G&B 2/06).
The denser the wood, the more brilliant, treble-rich the sound; the higher the stiffness, the
longer the sustain (P. Day).
The older the wood, the drier it becomes. The lack of liquid makes for more vibration, this is
to be equaled with more sound (Marc Ford, G&B 8/07).
Besides, I actually think that the component wood is, in general, overrated (Ulrich Teuffel,
G&B 5/04).
Bob Benedetto, whom many (practically all) take to be the best luthier alive, states: “popular
opinion demands wood that has slowly grown (slow growth shows in narrow tree rings).
According to my knowledge, that is a myth. … some of my best guitars are made from spruce
that some would take as substandard. Check out the old masterpieces from Stradivari or
Guaneri – they are made from wood with wide tree rings, as well. Maybe we have fallen, for
years, for the advertisement in the brochures of a few companies that promote wood with
narrow grain. … Once I went to a wood supplier in Pennsylvania and bought the worst wood I
could find. I built a guitar from it that sounds excellent – after all, Scott Chinery bought it.”
(G&B 9/02).
A connection between the width of the tree rings and the acoustically important
characteristics of resonance woods cannot be specified (D. Holz, IfM Zwota).
The latest investigations in the Institute for Musical Instrument Making essentially confirm
this (G. Ziegenhals, IfM Zwota).
Bob Taylor is said to have stated that his 300-series beginner guitars offer 90% of the sound
of the 900-series premium guitars at not even 1/3rd of the cost. Such a comment clarifies that
it is predominantly the design and the build of the guitar that characterize the sound to a much
greater extent than the woods used (Gerken et al.).
Taylor builds good guitars because we now how to do it. To prove that, we have built an
acoustic guitar from an old, rotten pallet we found in the garbage. The top was from a
scrapped plank of which we could not really determine the wood. We so elaborately glued
together the top from 6 slats that it is hard to even detect that, and the holes from the nails …
were highlighted with small aluminum discs. This pallet-guitar was one of the most noticed
guitars at the winter-NAMM-show (Bob Taylor, ISBN 3-932275-80-2).
Translated by Tilmann Zwicker
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The Platinum Beast sounds powerful, warm and balanced, with velvety brilliance and delicate
harmonics; the Evil Edge Mockingbird sounds somehow feeble, deprived of mids, with
somewhat more succinct bass, but instead much more brilliant and harmonically richer.
Thanks to the hot humbuckers, this all sounds entirely different when connected to the
amp, because – hard to believe – both instruments now sounded almost identical (G&B 8/06).
Comparison: Gibson New Century X-Plorer vs. V-Factor: surprisingly, the differences in
sound we found in the dry-test showed up much less when connected to the amp (G&B 7/06).
Ash-Strat vs. poplar-Strat: only “minute differences” (G&B Fender special edition).
Alder-Strat vs. poplar-Strat: differ only in the “finest nuances” (G&B 10/04).
Squier-Stratocaster: comparison: mahogany body vs. basswood body: using the middle or
neck pickup, the two guitars sound almost identical (G&B 5/06).
"The 94-Amber (pickup) indeed transports a pronounced Strat-tone – and it does that as a
full-size humbucker and implanted into a Les Paul of 4 kg and typical mahogany/maplecombination. … In particular the neck pickup reminds us – in its tonal color – of an ultra-fat,
Texas-Blues-heavy Stratocaster – an awesome sound that we would have never connected to
a Les Paul” (G&B 11/07).
A Strat will never become a Les Paul, even with a humbucker (G&B 2/00).
By far the “Strat-iest” Gibson sound that I have every heard. Nighthawk (G&B 5/09).
Still, the PRS EG surprises with incredibly authentic Strat-sounds; mahogany neck,
rosewood fretboard, mahogany body (G&B 9/05).
"The purely acoustical comparison gives opposite insights compared to the earlier comparison
of the Mexico Classics. Now the 50s-version delivers the more balanced, open and zappy
sonic picture while the 60’s-version sounds more mid-focused, warmer and somehow more
well-behaved.” (G&B 2/02). About the cited Mexico Classic, we read: “The 50’s Strat
generates a strong, mid-focused sound picture, defined by crisp, concise bass, delicate
harmonics and a certain warmth. More brilliance, a more lively harmonic spectrum, more
open mids, and a somewhat gentler bass is what the 60’s Strat offers”. However, there is also:
“the A/B-test indeed reveals only tiny differences.” (G&B, Fender special edition, MexicoClassics comparison). In both comparisons, the 50’s-Strat features a one-piece maple neck the
upper surface of which forms the fretboard, while the 60’s-Strat has a one-piece maple-neck
with a glued-on rosewood fretboard.
Hairline cracks are of the highest importance for the sonic results (G&B 2/07).
We were able to borrow a ‘56 and a ’58 Les Paul Standard, and fabricated exact templates
of the original shapes and contours. In the process we realized that the Historic-Collectionmodel had slight differences to the two originals. … Since it was not possible to change
anything about the Silhouette (the Historic-Collection-model is meant here), at least the
contour of the top was to be matched. Using a violin-maker’s device, we took the exact
contour of the old Les Pauls and shaped an exact model from wood. From this model, we then
shaped the new contour. This was an elaborate procedure because work had to be done using
the smallest wood planes and card scrapers. ... (Pipper, G&B 12/06).
... they have made them a molten calf, and have worshipped it, and have sacrificed thereunto,
and said, these be thy gods, ..., (The Bible, Exodus 32.8).
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Alder: silky, mellow, warm, tender, many harmonics, restrained share of treble, fat bass,
rather subdued share of bass, strong mids, round share of mids, much sustain, succinct,
squishy, good presence, undifferentiated, balanced, full sound, a sound thinner than that of
basswood, faster response than basswood.
Basswood: mellow & low mids, squishy, good response, undifferentiated, somewhat midladen, similar to alder, relatively little sustain, warm sound that lacks zappy-ness, unobtrusive,
forceful, rather dull-sounding.
Poplar: clear treble, more airy than basswood, unobtrusive, round sound, like basswood but
thinner, the tonal characteristics correspond to those of alder but lack warmth and brilliance,
more crisp than basswood.
Maple: rich in attack, brilliant, rich in harmonics, lively, much sustain, not warm, warm bass,
lacking warmth, mid-emphasizing sound, hard sound, singing tone.
Ash: mellow, rocking, soft, bass-y, brilliant, no pronounced share of mids, balanced, lively,
powerful, tight, warm bass, long sustain, dry, airy, hard-wood-y, rich in attack, strong
assertiveness (because ash is of stiff structure), responds considerably faster than alder,
brighter and richer in the harmonics than alder.
Swamp ash: balanced, perfect balance of brilliance and warmth
Mahogany: mellow, low-mid emphasis, very bass-y, good sustain, delicate brilliance, silky,
warm sound, warm mids.
Rosewood: powerful, harmonic sound, airy basic character, loose and full bass range,
sparkling treble, Rio-rosewood generates a full additional octave of harmonics.
Neil Young: I am convinced that very note ever played on a guitar somehow remains in it.
While it does leave the guitar body as sound, it still is within the wood. Everything that
happens on a guitar remains in it and sums up to an overall experience (G&B 12/05). Chris
Rea: it’s funny – often the cheapest guitars sound the very best. … the Epiphone Byrdland is
4000 pounds cheaper than the Gibson Byrdland, and I cannot feel any difference – apart from
the logo on the headstock (G&B 12/05). Richie Sambora re. the topic of “sound”: “You still
hear, however, that Hendrix went directly through the amp. It’s his fingers. The same with
Jeff Beck: you may use his rig and his guitar, but you will never sound the same. It’s in the
fingers.” (G&B 11/02) Van Halen: it’s not a question of equipment – it’s the fingers (G&B
7/04). Eric Johnson: the source of more than 75% of the sound is in the fingers (G&B 5/01).
Jeff Beck: no shenanigans, no mumbo-jumbo – just the fingers (G&B 3/07). Jaco Pastorius:
piss off the amp and piss off the instrument. It's all in your hands (G&B 1/06). Victor Bailey:
once I had the opportunity to play Jaco Pastorius' Jazz-Bass; you cannot imagine how
terrible it was: lousy action, didn’t sing at all. I was thoroughly disappointed. Jaco noticed
that, grabbed the bass and played. It sounded gorgeous: the bass sang and growled (G&B
1/06). Snowy White: Peter Green sold his Les Paul to Gary Moore. I jammed with Gary
once and it sounded o.k. But since it left the hands of Peter, it’s just an ordinary guitar –
nothing special anymore. A guitar is fabulous only as long as somebody fabulous plays it
(G&B 11/07). Jan Akkerman: it all comes down to your hands (G&B 1/07).
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The largest part of the string vibration is to be transmitted to the guitar body. If the latter is
supplied with unrestrained vibration energy, a maximum of tone and sustain develops. (G&B
12/05). Because the nut should transmit the vibration energy as fully as possible to the neck
(G&B 6/07).
The design shows considerable resonance characteristics; after every picking attack it vibrates
intensely and clearly noticeable. (G&B 9/06).
From a vibration engineering point-of-view, the MTM1 ranks at the highest level, because
the whole design resonates intensely to the last wood fiber after each picking attack, and a
slowly and steadily decaying sustain results (G&B 8/06).
Although the Lag vibrates with marked intensity, and lively after each picking of a string,
only a somewhat anemic sound reaches the ear … The bridge pickup, for example, pushes
through to the ear in a powerful and assertive manner. … The single coil at the neck pushes
the low end and the lower mids with much power (G&B 12/06).
Picking up the Pensa-Suhr-guitar and playing it unamplified, a reasonably trained ear
immediately hears that this is gonna be good. … Both standing up and sitting down, you feel
already in your belly the fantastic vibration behavior of the excellently matched woods
(Fachblatt, 6/88).
Since a relatively large body mass (3,9 kg) needs to be excited to vibrate, the response seems
a bit ponderous, and the tones do not get off the starting blocks as quickly (G&B 7/06).
The guitar vibrates intensely, responds directly and dynamically, every chord and every tone
unfolds zappily and lively. Weight: 4,15 kg (G&B 8/06).
Less mass can more easily be made to vibrate (Kortmann, gitarrist.net).
Despite the enormous wood-mass (3,85 kg), almost every tone responds zappily and
dynamically, and unfolds very swiftly (G&B 7/06).
Thinner guitar body = less bass (G&B 4/04).
Sparingly varnished guitar body = rounder, more succinct tone (G&B 7/05).
A more slender guitar body makes for a more slender tone, too (G&B 7/02).
The tone of a guitar with a fully hollow body is fragile and has an enormous momentum
(G&B 8/06).
Guitar with hollow body = more mellow sound (May).
Brian Setzer is known for his extremely powerful, in fact brash sound that only archtops with
suitable pickups can offer (G&B 8/06).
Semiacoustic guitars sound brighter, more transparent, more brilliant (E-Gitarren).
335-Sound: a warm, fat sound that is highlighted, due to the semiacoustic build, particularly
in attack and response (G&B 1/07).
In the hands of Alex Conti, the 335 sounds not much different than his Les Paul. The fingers
make much more of a difference than one would think (Richie Arndt G&B 9/07).
Danelectro: hollowbody, decent sustain, probably thanks to the maple neck with the luscious
rosewood fretboard (G&B 12/06).
Cavities (in the solid-body guitar) have no impact on the sound (Lemme). To improve the
body's resonance, the core body is drilled with eleven 1,5"∅ cavities". (Duchossoir, Tele).
The cavities in the Les Paul have no effect on the sound-characteristic of that model – we
have tested this (Henry Juskiewicz, president of Gibson; Les Paul Book). The Les Paul
Custom Classic receives an additional percussive and crisp touch from the milling in the
wood. The Gibson Custom Shop now offers some models as so-called chambered variants.
What was introduced simply as a means to save weight back in the day now receives an
entirely new, tonal significance (G&B 8/07).
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The electrified plank-guitar is predominantly an acoustic instrument. The wood makes for the
character of the sound; the pickups contribute only a very small part. And so a humbucker
cannot exorcise the characteristic unfolding of sound and attack from a Strat with an alder or
ash body (G&B 02/00). Edward van Halen: the boys in the band didn’t like the sound of the
Stratocaster because it is naturally so thin. So I mounted a humbucker (G&B 9/02).
Gary Moore: some people think they hear a Stratocaster on “Ain’t Nobody” – however, in
reality that’s my own signature Les Paul, (G&B 7/06).
Jimmy Page recorded the entire first Led-Zeppeling album using a Telecaster; the guitar
sound on that album is exactly like that of a Les Paul (G&B Fender special issue).
Mark Knopfler: if I want a thicker sound, I use my Les Paul – that’s not to say, though, that I
couldn’t do the same thing with a Stratocaster. Even if B.B. King plays a Fender, it still
sounds like a Gibson Lucille (G&B 9/06).
Les Paul Custom: one-part mahogany body (The Gibson).
Around 1952, the Gibson designers produced prototypes of their first solid-body guitar, the
Les Paul, completely made of mahogany. This design did not satisfy them tonally, though, but
rather motivated them to carry out further experiments with other types of wood. The result
was a mahogany body with a maple top (Day et al.).
Les Paul: back then my idea was to build the whole guitar – i.e. headstock, neck and body –
from one and the same piece of wood. They didn’t do it. When I asked the president of
Gibson why not, he said: “because it is more inexpensive this way” (G&B 9/05).
Gibson Les Paul: "The rims of the electronics compartment and switch chamber again reveal
appalling workmanship: they are partially downright frayed, and the impression rises that the
wood to be removed was blasted away. ... Just about tolerable to me is the pickup switch that
due to the curvature of the top lives in its chamber in a totally crooked manner, touching the
milled wall …” (G&B 12/06). Only the price seems to be on target: 2655,-- Euro.
Lester Polfus answering the question whether he had ever imagined that the Les Paul could
be such a successful guitar: “Of course. I believed in this guitar from the very start” (G&B
Gibson special edition). But then, he also says: "Never ever. I would not have thought that
this guitar could be that popular 60 years on” (G&B 9/05).
The image of old Les Pauls was forged systematically by the pertinent dealers; they simply
imputed the vintages 1958/1959 with a legendary sound (Carlos Juan, vintage dealer, in
Fachblatt Musik-Magazin, 1996).
Investigating the term “vintage” more closely, it turns out to be substantially an empty
catchword that frequently serves to sell questionable product at inflated prices (Lemme).
Most vintage instruments are not suitable for serious stage work in their original condition,
and as they are being made workable, they are not vintage anymore. The opinion that
everything becomes wonderful or improves because it is 50 years old or carries a spaghettilogo, is itself long in need of repair (Carlos Juan, vintage dealer, in Fachblatt Musik-Magazin,
1996).
Kevin Walker: I would never buy a Gibson built later than 1972. … only the vintage stuff
has the good sound (G&B 5/06).
Well … it’s a piece of wood with 6 strings on it – that must not be overrated. Pat Metheny on
his guitar (G&B 6/08).
Certain is that nothing is certain, and therefore I am wary – just to be safe (loosely translated,
after the Bavarian poet Karl Valentin).
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7.10 Special Bridge Designs
The guitar string is supported by two bearings: at the nut (or the fret) and at the bridge. The
nuts of acoustic and electric guitars may show variations, but normally they are of similar
build. The bridge, however, will be different for these two categories of guitars (save for some
exceptions). In acoustic guitars, the bridge often consists of a light (!) saddle made of bone or
plastic while the strings of an electric guitar will rest on a solid, massive, adjustable
contraption made of steel. Electric guitars often feature individual bridge saddles shaped
cylindrically or like a mono-pitched roof, and adjustably resting on the bridge base.
The bridge of an acoustic guitar needs to be light so that any vibration energy worth
mentioning can be transmitted to the top of the guitar. In contrast, the bridge of an electric
guitar (where the body is not supposed to vibrate) may be of a very solid build. A few
adjustment screws will obviously not get in the way here, because otherwise they would not
have been included with much enthusiasm. This adjustment possibility is not entirely useless,
either (as was elaborated in Chapters 1 and 2), because: in order to achieve correct tuning, the
steel strings require corrections in length that may amount to up to 5 mm. We therefore have
adjustable bridge saddles und adjustment screws. Leo Fender had still been mightily thrifty
when designing his first electric, the “Broadcaster”; he positioned two strings each on a steel
cylinder (later a brass cylinder). Apparently, it was attractive to make each string individually
adjustable because the successor, the “Stratocaster”, featured string-individual bridge saddles
made out of pressed steel, and adjustable both in length and height. Although no classical
guitarist will ever demand this from his Ramirez, it seems almost indispensable for the
electric guitar to have the action fully adjustable – best in three dimensions: height, length,
and distance between the individual strings.
Inevitable, this possibility of adjustment entailed a diversification in the components: what
had successfully been achieved with just a board and some strips of bone, suddenly required
screws, springs, straps, wires, curled nuts, rollers … a hodgepodge of 18 parts or more. Do
these vibrate, then? Hold on – these are the ‘50s, and this question was not on the table, yet.
Sets of 012 strings were standard; these could not easily be pushed out of the groove in the
bridge saddle – something that would become a potential problem with the later 009, or even
008 string sets. "The 'Floating Bridge' consists of a master bridge adjustable to varying
heights. On it rest the six individual bridges each adjustable for string length and height,
making possible extremely accurate adjustments for perfect intonation and custom playing
action [Fender Jazzmaster, 1968]." This is the way a faulty design was advertised back then,
and room was created for "retrofitters" who could earn their money with accessories for
correcting the mistakes. Chief issue: to be adjustable.
Admittedly, it was not easy to design a bridge that was solid and at the same time adjustable.
In particular, many a guitar was now treated to a vibrato-system: a spring-mounted stringretainer that offered variation of string length – and thus pitch – via a lever (whammy-bar).
However, with varying length, the strings needed to slide across the bridge somehow – or the
bridge could be made movable in the direction of the string, and move with it. The latter
approach resulted in the 'floating bridge' of the Jazzmaster (and other guitars). That bridge
could develop, with thin strings, an undreamt-of potential to float around. Under these
circumstances, Leo Fender’s unceremonious renaming of the vibrato-effect into tremolo was
no help, either: this wobbly-jelly did irritate more than just a few guitarists. Everybody else
was of course highly enthusiastic: "Careful design and outstanding playing characteristics of
the Jazzmaster have made it one of the favorites of guitarists around the world [Fender
1968]." Cheers, then!
© M. Zollner 2010
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7.10.1 Simple equivalent systems
The guitar bridge mechanically interconnects string and guitar body. As a system of
mechanical vibration, it is an object of mechanical systems theory, the latter analytically
representing movements and forces. The small masses, stiffnesses and resistances
differentially distributed over a continuum can, however, not be described with complete
accuracy – only given the limitation to a finite effort the simplified representation via an
equivalent system is possible. In contrast to the continuum, the equivalent system consists of
a few, discrete elements that vibrate in one dimension only (a further simplification).
Mass (Newton), stiffness (Hooke), and frictional resistance (Stokes) are the fundamental
elements of mechanical systems. While a mass can relatively easily be specified as a
multiplication of density and volume, the analytical description of stiffness, and in particular
of resistance, is difficult. As an example, Fig. 7.89 shown a cylindrical pin made of metal, the
rounded lower side of which sits on a flat surface. The mass of the pin is easily calculated, as
is the stiffness of an axially loaded cylinder (sZ = ES / l).
Fig. 7.98: contact stiffness
F = axial force, E = E-modulus,
R = radius of round

Given an elasticity modulus E = 2.1⋅1011 Pa, the axial stiffness of a steel cylinder of 4 mm
length and a diameter of 2 mm is calculated, resulting in sZ = 165 MN/m. However, the
largest deformation does not happen in the cylindrical part of the pin but at the contact point.
Assuming a spherical round, the axial contact pressure force leads to a circular contact
surface. The radius r of the latter depends on the contact pressure. The stiffness occurring at
the contact point is force-dependent, as well: with increasing force, the stiffness increases,
too. With the keywords contact problem and Hertzian stress, specialist literature [z.B. Szabó]
offers approximations for the deformation from which the contact stiffness sK can be
calculated. There are several contact points in a guitar bridge, and therefore several
stiffnesses. The magnitude of the latter depends on two variables: on the radius R of the
round, and on the force. Both the pressure force perpendicular to the guitar top, and the
traction force in parallel to the top depend on the force of the string tension that amounts to
between 47 and 135 N (for a set of 010 strings, the benchmark is 80 N). In the Fender bridge,
the axial force acting on the height-adjustment screws moreover depends on the bend angle of
the strings as they run across the bridge; for e.g. the Jazzmaster this would be only about 6°.
Given a string tension of 80 N, a pressure force of 8.4 N results, and since two screws support
each string, the force is 4.2 N per screw. The calculation results in a contact stiffness of just
under 5 MN/m, with a radius R = 1 mm. For bridges with a higher bend angle (e.g. the
Stratocaster) the contact stiffness mounts and can reach, for thick strings, up to 15 MN/m.
This is still much smaller than the axial stiffness estimated above, so that the conclusion for
the aforementioned cylindrical pin is: in terms of its effect, the contact stiffness is the
dominant one of the two stiffnesses.
Besides the contact pressure force, the radius of the round R is also found under the squareroot in the above formula – and here things become complicated: this radius may vary
depending on the deployed screw and the manufacturing quality, and therefore the resonance
frequencies dependent on R may vary, as well! Similar issues appear for all other joints where
two components lie on top of each other: depending on the surface roughness, and on the
more or less protruding drilling burrs, an undefined bearing results that may undergo further
variations when the strings are changed.
Translated by Tilmann Zwicker
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The first joint occurs between string and bridge saddle. The approximation using a spherical
surface certainly is inappropriate here; due to the string flexion, a roller-shaped interface
surface (like in a roller bearing) does not correspond to reality, either. The geometry of the
string is predetermined, and cannot really be changed due to its high hardness and stiffness.
Unknown, however, is the geometry of the bearing surface (the bridge saddle). The high Estring (E4, ∅ = e.g. 0.25 mm) rests on a probably 10-µm-wide strip; in this scenario, a
production tolerance of 1 µm would be advisable – not something that “every manufacturer is
likely to achieve”. Thus, the mechanical data of this joint can be estimated only very roughly.
The second joint is located between bridge saddle and adjustment screw (there may be up to
three of the latter per bridge saddle). Where the contact surfaces actually occur, and what the
corresponding stiffness is, remains completely undefined, just as the resulting friction. In case
of higher age, the degree of rust and corresponding mechanical parameters are also undefined.
The third joint occurs between screw and bridge base (or directly between bridge saddle and
bridge base). Adjustment screws (so-called setscrews or headless screws) come with 4
different end-surfaces: level, spherical (convex), tapered, or concave (Fig. 7.99). These
screws are mass-produced and not optimized with regard to any requirement of vibration
mechanics, and therefore the contact stiffness varies from one screw to the next. The contact
stiffness also changes as the screw is turned (an action that must be considered a regular fate
of any screw).
The fourth joint is found between bridge and guitar body, and again, what has been stated
above holds (as it is the case for any further joints): the stiffness and the resistance of/at the
joint are largely undefined, as are their effects on the resonances of the bridge.

Fig. 7.99: Typical setscrews of a guitar bridge.

Can the guitar then function at all? Sure it can – some kind of stiffness and resistance will
always develop; the term “undefined” used above merely means that the corresponding values
may vary from one guitar to the next. Some of the involved variations may be without any big
effect on the sound, but some will lead to audible inter-individual differences. Because it is
very difficult to determine the joint-parameters of a given guitar, a different approach shall be
applied now: in a model, we will assemble some basic elements (Fig. 7.100), and for these –
and some modifications – the frequency responses of the conductances will be determined.

Fig. 7.100: Simple equivalent system for a guitar placed on a stone table.

© M. Zollner 2010
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Fig. 7.101 shows the results of the calculations corresponding to Fig. 7.100. Between string
and bridge saddle, the very simple Kelvin-Voigt model consisting of a lossy spring was used.
Even though the values of the latter are unknown and can only hypothetically be assumed: it
only has an effect in the highest frequency range that is relatively unimportant when magnetic
pickups are used. This finding holds even if the actual stiffness were only 1/10th of the
assumed value. As an orientation, the conductance calculated for the E2-string is shown in
grey in the figure (correspondingly see also Chapter 7.7.2. & 7.7.3); the more the bridge
conductance is below this grey line, the less it bears any importance to the overall damping.
Somewhat more important is the (lossy) spring (s2, W2) located between bridge saddle and
bridge base. It influences the high-frequency resonance that is found at 7.5 kHz for the above
values. Again, we need to bear in mind that there are no measurements as basis for these
values, and thus it is possible that the grey curve is crossed (e.g. for a smaller resistance W2).
In this model, particularly important is the bridge-base resonance formed (in approximation)
by the mass of the bridge (50 g) and the spring stiffness (s3 = 4 MN/m). Measurements with
Gibson bridges show similar resonance behavior and high string damping (Chapter 7.10.2).
The next spring in this model is found between guitar body and stone table (s4, W4) – it
influences mainly low-frequency resonances. The stone table with a mass of 250 kg vibrating
aperiodically damped with 2 Hz forms the conclusion: it is insignificant for the current
measurements.

Fig. 7.101: Input conductance of the system according to Fig. 7.100; variation of the system parameters. The
grey line is the “orientation curve” recalculated from Fig. 7.66 (E2; esp. radiation damping and inner damping).

Fig. 7.102: Conductance measurements (thin line); left: Les Paul body, right: Les Paul bridge.
Translated by Tilmann Zwicker
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For comparison, Fig. 7.102 shows the related measurements. While the multitude of highly
different resonances can of course not be modeled with such a simple equivalent-circuit
approach, the order of magnitude fits well. It is in any case conceivable how the addition of
further resonators enables the model to also represent narrow peaks in the frequency response
of the conductance (Fig. 7.103).

Fig. 7.103: Additional resonance circuit (Zx), effect on the frequency response of the conductance.

The equivalent circuit shown in Fig. 7.100 is no complete model of a guitar – it does not even
begin to represent the multitude of body- and bridge-resonances. These resonances may not
only occur as one-dimensional vibrations (as contained in the model), but can take on the
shape of three-dimensional flexural vibrations, in combination with torsion-vibrations. Still,
the model allows for estimating the approximate orders of magnitude of the stiffnesses and
frictional resistances, and of the approximate effect the latter two have on the bridge
resonance. It is obvious that this resonance can influence the decay of all partials und thus the
sustain. However, if the bridge conductance is small (e.g. 10-4 s/kg), then the bridge and
everything that is mounted to it (including the guitar body) has practically no effect on the
sustain! The measurement curve shown in the right section of Fig. 7.102 crosses the grey line
only twice: between 100 Hz and 200 Hz, and at 1.8 kHz. If a partial falls into one of these
ranges, then the absorption at the bridge does influence the decay process. The other
resonance peaks may be attributed a theoretical influence (“everything depends on
everything”), but they have no practical relevance.
The considerations related to the contact problem have shown that stiffness and resistance
strongly depend on the contact pressure force and the contact surface. Both change if the
guitar bridge is shifted within the clearances given by manufacturing tolerances. The bridge
saddles of a Stratocaster may have contact to each other – or not. The bridge saddles of an
ABR-1 may have a burr on their lower surface, they may have contact on one side or on both
sides, or they may be clamped down by the set-screw with a force fit. The distribution of
forces (and therefore the stiffness) between the 6 screws holding the old Stratocaster bridge is
undefined and depends on the smallest of manufacturing tolerances – or on the tear and wear,
which does not make things any simpler. Changes in the contact parameters do not
necessarily lead to changes in the sound but they are potential sources of damping that need
consideration due to their closeness to the string.
The varnish of a solid body guitar, on the other hand, is far removed from the string, and its
mass is small. Still, for completeness sake a few citations: However, practical use has taught
us in the past that very sparingly varnished instruments have generated a rounder, more
succinct tone [G&B 7/05]. Hairline cracks (in the varnish) lead to an un-damping of the
resonating body [G&B 1/06]. The varnish can constrict an instrument and thus dampen it, or
it can adapt itself to the natural resonance characteristics and co-resonate [G&B 1/07].
Actually, any beer-belly will do the same ...
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7.10.2 Bridges without Vibrato
7.10.2.1 Gibson’s ABR-1-Bridge
Orville Gibson was a guitarist and a luthier – characteristics that were not originally natural to
Leo Fender, who of course was a builder of guitars, too – but not in the traditional sense. As
Tom Mulhern notes in his book on Gibson guitars [Rittor 1996], Orville’s ideas often
originated from violin making, and it is therefore not surprising that the famous Style O guitar
features an arched top that carries merely the bridge but no tailpiece. The strings are anchored
in a trapeze tailpiece that is mounted to the end-side of the guitar body. This separation of
bridge and tailpiece resurfaces half a century later in the ES-335, although that guitar is based
on a very different principle of construction. The top of Orville’s acoustic guitars needed to be
thin in order to radiate sound. While it was still possible to anchor gut strings in a combined
bridge/tailpiece that was glued to the guitar top, this approach became a problem with the
steel strings increasingly demanded by musicians: their higher pull (parallel to the top) could
warp the top, or rip off the glued-on bridge and destroy the thin top. Conversely, with a
tailpiece mounted to the side at the end of the guitar, the top was subjected merely to a
perpendicular force it was able to withstand due to its curvature similar to the arch of a bridge.
The bridge of the Gibson Style O is of a single piece and not adjustable – again similar to that
of a violin. However, 2-piece bridges soon found their way to the Gibson acoustics,
presumably so that the action that increased with age could be compensated for. The 2-piece
bridge includes a base and an upper part both made from wood; the 2 sections can be spread
apart via screw and curled nut. Starting out from this construction, it is not all that far to
Gibson’s patented Tune-O-Matic bridge (US patent 2,740,313, filed in 1952), the top part of
which carries six individually adjustable bridge saddles. 6 bridge saddles, 6 adjustment
screws, one bridge base, 2 post screws, 2 curled nuts, and the fastening wire that arrived later:
all in all that’s 18 individual pieces. With this bulwark between the string and the guitar body,
it is no wonder then that the latter has so little influence on the string vibration. Worse,
though: the joints occurring between string and guitar body are undefined to a high degree!
The T-shaped bridge saddles are positioned within a groove to which they have contact in
some kind of way. The contact between bridge and the curled nuts is not defined, either, and
consequently it is no surprise that the mechanical characteristics change as we lightly press
against the bridge. Still, the contraption does work – in fact some masterful guitar playing
happens using it. A word, however, to all you Gibsophiles ecstatically dancing around every
golden calf-o’-1956: before pondering about the woods, you should target the bridge,
beginning with the question which way round the bridge should be mounted. On most of the
guitars shown in the Gibson book, the heads of the setscrews point to the pickups, but for
quite a few, they point to the tailpiece. Indeed, the screwdriver access is easier in the latter
case, but now the strings run across the screw heads! These are the residual strings between
bridge and tailpiece; they may contribute to the vibration absorption, as shown in Chapter
7.7.4. Thus: it may not be the hairline cracks in the varnish that “are of highest significance to
the resulting sound [G&B 2/07]" – rather, the bridge may contribute much more.
The strings excite the bridge saddles (T-shaped when seen from the tailpiece, and of
monopitch-roof shape seen from the side) to vibrate – the saddles should resist this excitation
so as to keep the vibration energy within the string as much as possible. The force fed from
string to bridge saddle splits up into an inertia force (to accelerate the mass), and a remaining
force that is conducted on to the bridge base. Between bridge base and bridge saddle there are
several joints the mechanical impedance of which is of significance to the string vibration.
Therefore, requirements regarding the manufacturing tolerances of these components would
be very high. That formulation should be agreeable even to laywers, shouldn’t it?
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If there were any burrs on the Gibson bridge (with “were” expressing purely hypothetically a
possibility), the setscrew in its end position would lever the bridge saddle halfway out of its
embedment, and the bridge-base/bridge-piece impedance would drastically change. Where in
fact does the line of force-flux between string and guitar body run for this bridge? Fig. 7.104
shows several views of the Gibson ABR-1. A bridge saddle (T-shaped or of the shape of a
monopitch roof depending on the view angle) is movable within a groove via a setscrew, with
the string (secured in a small groove) resting on the saddle. On what does the latter rest?

Fig. 7.104: String bearing
in a Gibson ABR-1 bridge.

Since the middle section of the “T” does not reach to the bottom of the groove, we could
surmise that the bridge saddle rests directly on the sidewalls of the bridge. That, however, is
not the case – not for the Historic Les Paul under scrutiny, anyway, nor for the ES-335 from
the 1960’s. Every introductory course for mechanical engineering includes the lesson that
objects not supposed to move need to be fixated with regard to three translational and three
rotational movements. Translational movements are longitudinal movements (in the
direction of the string-axis z), lateral shifts (x) and changes in height (y). In the z-direction,
only the setscrew can absorb any forces – but it does so with some slack. Pressing the bridge
saddle to the right (in the figure), the conical screw-termination has contact, pressing it to the
left, it is the chamfered collar that stops the movement. Possibly, the whole setup was at some
point meant to remain under tension and therefore be without slack – the implementation
ain’t, though. For the y-direction, it is immediately clear that either the screw, or the lower
side of the T-piece can transfer any pressure force from the strings, but not both (dividing the
force would be at random and fragile). If the bridge saddle rests on the bridge, the setscrew
has slack, and if the setscrew absorbs the force, the bridge saddle has slack. Purely
theoretically, we could consider of shift-fitting or pressure-fitting – but only those without any
experience in production of mechanical elements will go there. No, that T-shaped saddle has
slack, resting somewhere on something, depending on production tolerances (Fig. 7.105).

Fig. 7.105: Changes in position.

Trying to push a piece of paper in between the T-shaped bridge saddle and the bridge base is
met with success, and proves that the two do not rest slack-free on each other. This test does
not work everywhere, but at several places. In the worst case, this instability leads to torsion
movements – then the string vibration is completely done for. Dear Mr. McCarty (rip), how
was that supposed to work? String movements in parallel to the fretboard imply torsion
excitation – anyone disagreeing? The sales speak for themselves? Ah – sorry, that explains
everything. We can hope that the whole contraption somehow gets wedged or rusts shut (and
for many guitars that will in fact happen) – a planned force-fit looks different, though.
© M. Zollner 2010
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For Fig. 7-100, the interface between bridge saddle and bridge base had been modeled with
Z2, and Fig. 7.101 shows the effects of variations. That changes in stiffness and damping
occur only in the high-frequency range might explain why this bridge in not entirely
impractical. As long as the bridge-piece-T rests (or is in firm contact) somewhere, and as long
as it is not subject to any torsion movement, any audible effects keep within reasonable limits.
However, if any gaps resulting from manufacturing tolerances allow for a twisting motion, the
bridge-T will wipe out string vibrations. This "epoch-making bridge" "was not designed for
solid body guitars like the Les Paul models [Berger / Perrius]", but for acoustic (!) arch-top
guitars – which renders the whole thing even more problematic, because these guitars should
be able to reproduce high-frequency partials as well, shouldn’t they? Anyway, around 1954,
this contraption-of-the-century found its way onto the Les Paul Custom, and from then on
there was no holding back any more – in the true sense of the term.
The force introduced by the string to the bridge saddle (as far as it does not serve to move
mass) is handed over via undefined paths to the bridge base that, true to its name, crosses the
distance from one “shore” to the other. To the mechanical engineer, the arrangement is a
cantilever supported on both ends. The lowest Eigen-frequency of this cantilever can be
calculated using area moment of inertia, geometry of the cantilever, E-modulus and density; it
turns out to be 1.6 kHz. Although the bridge has immobile support at both its ends (bearings),
it can still vibrate in between; and if it receives excitation to do that, it will dampen the string
vibration. Unfortunately, it does receive this excitation, and it is just that string delivering it
that should be given an immobile bearing by the bridge. In order to not just theoretically
calculate this friendliness towards vibration, measurements were taken with an ABR-1 bridge
positioned on a stone table (Fig. 7.106). At 1.6 kHz, the conductance rises to almost 0.2 s/kg,
reducing the degree of reflection for the E2-string to below 60%. This means that more than
40% of the vibration energy is absorbed for each reflection! We should not universally
condemn such a behavior because only the effect of absorption will enable the luthier to
individually influence the string vibration; however, if this was supposed to emerge as
McCarty-specific, then this absorption would have to be of a fixed value for all guitars of the
same build. That, however, is not the case, since already a slight shift of the bridge (which on
top of everything is adjustable in height, as well) changes its damping parameters.

Fig. 7.106: Conductance (left) and reflection coefficient (power) of the ABR-1 positioned on the stone table.

The measurements related to Fig. 7.106 were done with an ABR-1 bridge that was positioned
via two knurled nuts directly on a stone table. On the Les Paul, the two disc-shaped knurled
nuts conduct the bridge-force to two threaded posts that protrude perpendicularly out of the
guitar body. The mechanical input impedance (Z3 in Fig. 7.100♣) between bridge and knurled
nut depends on the surface quality (burrs!), and on the angle between bridge and post; when
adjusting the bridge height, the contact surface changes, and with it stiffness and damping,
and thus also frequency and Q-factor of the resonance.
♣

Fig. 7.100 models the bridge as a discrete mass and does not (yet) consider any Eigen-modes.
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As an example for differences related to manufacturing tolerances, the decay times for partials
were analyzed for a Gibson ES-335 (new strings, Fig. 7.107). This semi-hollowbody guitar
dating from 1968 sports the bridge shown in Fig. 7.104, across which the strings run to a
trapeze tailpiece. The guitar must not be blamed for showing a few minima in the decay times
– a bit of individuality certainly is okay. That the decay times change as the bridge is shifted
by one or two 10th‘s of a millimeter – that’s owed to the adjustability. The decay curves will
again change somewhat as one seeks to correct a slightly-off intonation with the bridge-piece
screws. Guitar gurus, near and far, you who claim to hear with your golden ears the smallest
detail in the wood-composition, you who even put your guitars in the freezer to get a few
more cracks in the varnish so that the guitar body at last is “freed to vibrate” and the sound
“blossoms”, do see the signs: the one who, in “specialist” magazines, every month propagates
bullshit, may finally drown in the same.

Fig. 7.107: Decay times of partials, ES-335; bridge shifted within the scope of manufacturing clearances.
The grey area indicates the theoretical maximum T30-decay due to internal & radiation damping (Chapter 7.7.2).

Since Gibson’s ABR-1 bridge is height adjustable, it has some horizontal clearance, as well.
Shifting the bridge within the scope of this bearing clearance changes bearing and damping
parameters. Still, there was not much attention paid to this sensitive contact surface: in the
Gibson bridge shown in Fig. 7.108, two burrs influence the surface between bridge and the
knurled nut below it; these burrs co-determine the contact stiffness. To vindicate Gibson, it
may be noted that not all bridges show such a dismal production quality. However, even a
specimen bought for much money in 2010 had not ever come into any contact with a
deburrer. That can only lead to the assumption that Gibson does not attribute much
significance to this contact point. That, however, makes the little damping peaks that the
guitar body itself generates finally loose all relevance. The holy wood, with all the entwined
myths – can it be nothing but hype? Yes, it may and must be seen that way, because why
would Gibson manufacture the most important link between string and the “holy grail” so
sloppily, so wobbly, so unreliably, if the guitar body were important at all? What remains is
the insight that while all those little peaks can be measured, they barely have any influence on
the sound. That’s irrespective of whether they result from the sloppily manufactured burr, or
from the wood seasoned for decades. Goof rules.

Fig. 7.108: Gibson ABR-1 bridge with burr.
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The belief in the Holy Grail is deep-seated – deep enough that instructions for a conversion
are found in G&B 6/2010 that are supposed to turn a “halfway” Holy Grail into a “real” one: a
‘52 Goldtop into a ‘59 Les Paul. Too bad, though, that due the rather special neck angle, the
ABR-1 bridge does not fit. Therefore a band sander (Fig. 7.109) is called into action … which
is a physically correct step if the focus is merely on the playability.

Fig. 7.109: ABR-1. Left the model from G&B 6/2010, center/right the copy pre/post milling.

Playability, however, is not the only aim of the conversion: in the end the golden one is
supposed to sound like a 1959 Les Paul. The same sound – although its sanctum, the link
between strings and wood, has been brutally abused with a belt sander? Let us take a look at
the conductance of an original ABR-1 bridge (Fig. 7.110) – not the specimen analyzed in Fig.
7.110 but the one bought in 2010. Since professional tooling was available, the bridge was not
“minimized” with a belt-sander, but via a high-tech milling machine. The rigorous thinningout reduces the mass and in particular the stiffness such that the main resonance finally comes
down from 1400 to 850 Hz. This gives rise to the question whether a guitar fitted with this
bridge can ever sound like one fitted with a bridge developing its maximum genuine
absorption at about 1500 Hz?

Fig. 7.110: conductance of the ABR-1 bridge; original condition (left), after milling (right). Stone table; knurled
screws; bridge without bridge saddles; measuring point between the D- and G-guide-slots.

The alterations described in G&B were performed by a well-known and well-respected luthier
having many years of experience under his belt, and therefore we are not willing to simply
discard his evaluation (“same sound”) as unqualified – there must be something to it. And so
the only conclusion can be: if such big differences in the absorption have next to no effect on
the subjectively perceived sound, then the body wood (with much lower conductance values)
has even much less influence. It may be emphasized again and again by some that this Holy
Grail cannot be topped in view of the length of time it has had for being played-in (56 or 57
years), but the reasons for that must reside rather more in the metaphysical realm. Which is
where a grail is best kept, anyway.
Fig. 7.110 documents the changes in conductance caused by the milling. It is obvious that the
decay times of the partials will be influenced, as well, but proper proof is still required. Both
variants of the bridge were therefore tested on a Les Paul (R9), with the decay times of the
partials of the D- and G-string being analyzed for the original bridge and the milled bridge.
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Fig. 7.111 shows the corresponding results. Since the bridges are not positioned on a stone
table anymore but reside, as intended, on a guitar, the resonance peaks measured in Fig. 7.110
shift a bit. Moreover, the manufacturing tolerances of the bridge saddles come into play now,
and these are (benevolently speaking) of an abysmal quality. Three of the bridge saddles fall
off if the retaining wire is removed while the other three are so stuck that they can hardly be
moved at all via the adjustment screws. This was not an effect of the milling process but the
original condition of the bridge. Whatever, after the measurements are concluded, this piece
of junk will be discarded anyway. What remains as a result: the main resonance – having
shifted to 850 Hz – will clearly cause shorter decay times of the partials in that frequency
range for both strings … which apparently does not harm the rating “same sound”, though.
This implies that the instructions to modify the guitar hold a contradiction: if the minimal
influence that the “holy” wood has on the string vibrations is taken to be crucial, then the
differences caused by the modifications in the bridge needs to be held as existential feat, and
there should be no talk at all that here the ‘59-sound has been created (simply put, this is the
Holy Grail, G&B 8/2010). If, on the other hand, the bridge resonances are taken to be of
insignificant effect, then the microscopic effect of the wood should be assumed to be
irrelevant. In that case, however, any plank from the DIY-store would have sufficed, too ...

Fig. 7.111: Les Paul R9, decay times of the partials. Original bridge (---), milled bridge (–––).
The grey area indicates the theoretical maximum T30-decay due to internal & radiation damping (Chapter 7.7.2).

Of course, a recurring thought has been “it’s all in the fingers”, and so we can indeed just use
the guitar according to its purpose: to be played. Yes, that is possible on most guitars,
irrespective of where exactly the bridge is positioned.
After so much theory, how about a bit of some more “specialist press”? Here we go (all
statements made by one and the same author): Kluson machine heads are also very
lightweight. The small mass can be easily excited to vibrate but it decays all the more quickly.
Theoretically, that would mean that Kluson machine heads give less sustain [G&B 8/05].
Small changes in the height of the stop-tailpiece in part drastically change the sound (of the
Les Paul) [G&B 7/05]. Machine heads (about $ 1200) and stop-tailpiece (about $ 2000) had
only very little influence on the sound (of the Les Paul)[G&B 2/07]. Of course, build and
material (of the stop-tailpiece) have an important influence on the vibration transmission to
the body [G&B 7/05]. Hard to believe that simply swapping the machine heads (on the Les
Paul) could lead to such (sound-) changes. [G&B 8/05]. Sometimes, I find it inappropriate
how self-proclaimed equipment-missionaries roam about seeking to convert everyone to the
true belief [G&B 8/07].
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7.10.2.2 Leo Fender’s Telecaster
The Telecaster was Leo Fender’s first “true” electric guitar. To start with, it was designated
Esquire, then Broadcaster, and finally Telecaster [Duchossoir]. According to Fender’s patent
application US 2,573,254, the string length was to be individually adjustable – but that is only
possible in pairs of two: two strings have to share a cylindrical bridge saddle (Fig. 7.112).
Compared to the non-adjustable bridges customary until then, that definitely represented an
improvement although it still was a compromise. Fender however already points to a further
development: the bridge saddles are drilled through at an angle. Each of the three bridge
saddles may be adjusted in height using two setscrews, and a long tensioning screw takes care
of the intonation adjustment. A thick steel plate anchored with 4 large bolts in the guitar body
serves as a base for the setscrews and the tensioning screws. The strings run across the bridge
saddles through the guitar body to fastening bushings mounted from the rear of the body.

Fig. 7.112: The Telecaster bridge.

[Duchossoir]

What has been said in Chapter 7.10.1 holds for the setscrews and tensioning screws – their
transmission stiffness depends on contact surfaces and forces. In principle, this bridge does
work. It may, however, develop an idiosyncrasy that helps this guitar to achieve a special
status: the steel plate rests in an undefined manner on the guitar body, and its resonances
(Eigen-modes) may re-act on the strings – not necessarily, but possibly. Using a hard
nonmagnetic item to knock on the upward-bent flanks of the plate, we hear a clicking noise
coming out of the amp/speaker. The sheet metal is not comprehensively damped by the body
wood below it, but can resonate with its natural frequencies at a high Q-factor. Mechanical
reactions from sheet metal to bridge saddles are possible, and – given steel as material – also
inductive coupling to the bridge pickup. Generally, the sheet metal is electrically conductive
and thus a place where eddy currents circling the pickup may roam (Chapter 9.5).
The necessity to make the string action adjustable was not only connected to the drive of all
guitar players to make each new guitar “playable” according to one’s own ideas. It was also
unavoidable in view of the separation of guitar body and (bolt-on) neck into two individual
production entities each subject to manufacturing tolerances. From Duchossior’s close-up
pictures it can be seen that these adjustment possibilities were indeed put to use, and that the
bend-angles that the strings form as they run across the bridge saddles are specific for each
individual guitar (they are string-specific in any case). However, this means that the vibration
characteristics of the bridge are specific to each individual guitar, too.
Fig. 7.113 shows the decomposition of forces at the bridge saddle. The string-tension force Ψ
is almost the same on both sides of the bearing cylinder (bridge saddle), and the frictional
force may be neglected in a first approximation. The force F acting towards the lower left has
two components. The setscrew just resting on the surface below can only take on the vertical
component Fy; the horizontal component Fx is taken care of by the tension screw.
Nevertheless, Fender’s patent application shows a set screw mounted at an angle (Fig. 7.113)
Fig. 7.113: String with bearing cylinder (left),
force resulting from the string forces (center),
decomposition of the resulting force in
horizontal and vertical component (right).
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We shouldn’t expect too much here: "Leo Fender was an ingenious, resourceful technician,
but – as it is frequently reported – he had not even had formal training as an engineer, and he
certainly was not a guitarist – couldn’t even tune the instrument" [G&B Fender special
edition]. Duchossoir’s citation is even more merciless: "Leo had a knack of thinking slowly
and consecutively – no flashes of genius – a merciless unstoppable slow degree of thinking
[Tavares]." At some point, the angled screws raised some eyebrows, and one day they stood
upright (Fig. 7.112). More specifically: in the patent application [USPTO.gov], the angle
between setscrew and tension screw amounts to 70°, in later bridges it is 90°. What is better?
The mechanical engineer would probably prefer the setscrew perpendicularly positioned on
the base plate, because it can transmit only vertical forces in any case (horizontally, only
small frictional forces remain). With the screw positioned at an angle, a bending moment
results that loads cylinder and tension screw flexurally, while with a perpendicular setscrew
there is merely a tensile force acting on the tension screw. What in fact prohibits sideways
motion of the latter? This would be a motion within a borehole in which – according to the
patent publication – the screw should be borne "sufficiently loosely"! An additional brace
could make for more stability but the effect would probably not be very dramatic. Also, an
axial force applied to a setscrew could possibly readjust the screw over time – therefore the
perpendicularly oriented screw may offer slight advantages. These are, however, untried
speculations for which no additional experiments were done. With
,

,

,

we can see the angle dependency of the forces; the bend-angle of the strings α amounts to
about 25° to 50°. The tension screw has the sizeable length of 32 mm – apparently indeed
necessary to allow for a sufficient adjustment range. With Ψ = 50 N (certainly possible for
thin strings), Fx amounts to a minimum of 4.7 N, and Fy amounts to a minimum of 21 N♣.
For heavy strings, Fx = 50 N and Fy = 100 N are possible, as well. That is quite a respectable
degree of variability in the compression force, and correspondingly large will be the
differences in the contact-stiffnesses and –impedances. Which tilting, rotating or wobbling
motions the bridge saddle will be subjected to under real deployment conditions cannot be
anticipated with a general consideration – the conditions vary too much. The offset-force
acting on the setscrew presumably is so strong that this screw can a priori not be suspected as
a “vibration killer”. A longitudinal force of merely 4.7 N is scant, but then there are 2 strings
pulling at one screw. Within the string, however, also longitudinal vibrations appear
(dilatational waves) that could excite the bridge saddle to rotational vibrations. In that case,
too, much slack between the screw and the bridge saddle would be counterproductive.

Fig. 7.114: Forces on the guitar body

The interface from the base plate to the guitar body is shown in Fig. 7.114. The sum of the
two string forces generates a resulting force pointing towards the lower left, just missing the
wood screw and thus resulting in a torque around the bearing point (circle). The main share of
the retention force occurs at the screw; in order to compensate for the torque, a supplementary
force F is necessary (here sketched in arbitrarily).
♣

A mass of 1 kg generates a weight force of 9.8 N (1 N = 1 Newton → 102 Gramm).
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Where exactly which forces act cannot be specified, because how the bridge rests on the body
wood remains undefined: this depends i.a. on the curvature of both components and materials.
The torque designated with M rises with increasing string diameter and increasing string
height (distance between string and base plate). If there is (at F in Fig. 7.114) a tiny gap left of
the pickup, half of the base plate is suspended in mid-air … opening un-dreamt of possibilities
of vibration.
Also undefined is which of the four wood screws bears the main load – they just somehow
share the retention forces. If the guitar body as a vibrating system were to be coupled in a
defined manner to the bridge (or the bridge to the body), a completely different design would
be required. No, this ain’t no sound-design – it was simply a matter of bolting a base plate to a
wooden board – over and done! As Fig. 7.115 shows, the arrangement can in fact work pretty
decently: here we see the decay times of the partials compared to the situation with a
Stratocaster. Both guitars were measured with brand-new strings, although the diameters were
not completely the same (Tele: 009 – 046, Strat 010 – 046). For the Tele, the decay is slightly
faster, and it depends a bit more on the frequency. Before anyone starts to derive the general
verdict that a Tele would have a shorter sustain than a Strat, let’s be reminded that what we
have here are individual results, measured merely with one single representative of its
species♣.
Note: in Fig. 7.116, the grey area indicates the theoretical maximum T30-decay due to internal
& radiation damping (Chapter 7.7.2).
If we would want to extract Telecaster-typical characteristics, we would first have to define
what a typical Telecaster in fact is: over the decades, Fender changed the headstock, the neck,
the body, the pickups, the bridge – it was only the body shape that approximately remained
the same: consequently, there is not “the” Telecaster. For most variants, the bridge does have
the base plate of about 85x74 mm2, but differences start already with the bearing-cylinders:
thick, thin, made from brass, or from steel, with/without groove, with/without thread. From
the 1970s on there is also a version with small or large Strat-like individual bridge saddles, or
even a pure-bred Stratocaster bridge. Telecaster-typical remains apparently merely the body
shape but that has next to no influence on the sound. Even if we limit ourselves to the singlecoil-fitted original type, we find a multitude of different variants: 250-kΩ- or 1-MΩ-pot,
bridge pickup impedances between 5.5 – 11 kΩ, (complete) solid body or (half the weight)
Thinline body, bolt-on neck, tilt-neck, set neck [more info in Duchossoir]. If the pickup cover
is the secret of the neck pickup, why then does Fender include a different pickup in the
Thinline-Telecaster (2nd version), the Tele Plus, the Elite Telecaster, the Telecaster Deluxe
and the Custom-II? Why are there also Lace and Seymour Duncan variants on top of the
Fender version? Presumably, that is so that each guitarist can realize his/her personal idea of
the Telecaster sound.
In http://www.tdpri.com/forum/telecaster-discussion-forum/77808-new-body-material-build-w-sound-clip.html,
Terry Downs presents his new guitar, and lets the congregations of fans guess which material
the body is made from. Everybody enthuses about the sound, and conjecture includes: oak,
masonite, teak, cork, semi-hollow-body, synthetic counter top material, soy, hedge apple tree,
and others – most guesses meant seriously. In fact, it was three medium density fiberboards
that were bolted on top of each other – that’s it. Result: Sounds like a Tele – what else.

The multitude of limitations in the framework of university operations unfortunately does not make more
comprehensive investigations possible.
♣

Translated by Tilmann Zwicker

© M. Zollner 2010

7.10 Guitar bridges

7-131

Fig. 7.115: Decay times of partials, Tele (009/046 set, left), Strat (010/046 set, right). “H3” = B(-string).
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7.10.3 Bridges with vibrato
A precursor to the electric (spanish) guitar was the steel guitar (lap steel). Its notes can be
generated at any arbitrary pitch without the discretization forced due to frets. This feature was
attractive to the country musicians (and/or their audience), and it was offered by Bigsby,
Kaufmann, Fender, and Co., by mounting vibrato- (or tremolo-) systems on their first electric
guitars. These gentlemen could not have had any inkling that years later someone would use
the device to interpret the “Star Spangled Banner” in quite a peculiar way, and even less of a
foreboding that somebody else would at some point measure bridge conductances – they were
fully absorbed in inventing a bridge that at the same time was steadfast and moveable …
steadfast regarding the string vibrations, and moveable to achieve the “tremolo♣".
To change the string pitch in a continuous manner, the tension force Ψ of the string needs to
be changed; this is done via changing the strain (i.e. the length). Accordingly, the tailpiece
has a moveable, resilient bearing: pressing (or raising) the vibrato lever changes the string
bearing and thus the strain (Fig. 7.117.

Fig. 7.117: Vibrato-system

The basic problem of all vibrato systems is the tuning instability caused by inevitable
frictional forces. Pulling the vibrato level upwards and releasing it leads to a different tuning
compared to pushing it down and releasing it. The friction forces are not particularly strong,
but to achieve a pitch error of less than 5 cents, the frequency would have to be correct by
0.3%. In vibration engineering, we like to work with friction forces that are proportional to
the particle velocity, because they allow for setting up linear systems. However, reality has in
store also the Coulomb friction, and that is of non-linear character. For the Coulomb friction,
the friction force depends solely on the normal force and the friction coefficient µ, but not on
the particle velocity. There is, however, a distinction in the friction coefficient between static
friction and dynamic friction; as such the coefficient is movement-dependent, after all – but
rather in a non-linear fashion.
If the string runs around a fixed cylinder with an encirclement-angle α, the two tensile forces
differ by
. Pulling to the right (in the figure), the right-hand force is (at
the max) larger by this value; pulling to the left, the left-hand force is. In conjunction with the
radius of the cylinder, this force difference generates the friction torque M = ΔF⋅R, which is
absorbed by the bridge. The friction is only small if the cylinder can rotate – but easily
rotatable, loose rollers do not make for an ideal guitar bridge. As an alternative, bridges with a
knife-edge or point bearing have been invented, but these can also only work properly if all
strings have the same distance to the axis. That, however, is not the case if the bridge is set
on top of the guitar body. It is the case approximately, if the pivot is moved into the guitar
body. If the residual string (from bridge to the tailpiece) is long, and if the bend-angle is small
(such as it is on the Jazzmaster), again other problems result – it’s simply not an easy job. In
the end, some creative thinking indeed led to usable results, as long as the involved guitarist
limited him/herself to moderate pitch changes. For those operating with brute force, further
developments came later, such as the clamped-string approach.

♣

Kauffman and Fender designated the frequency vibrato with the (not really correct) term "Tremolo"
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7.10.3.1 Fender’s Stratocaster vibrato (aka tremolo)
On August 19, 1929 – when few people were thinking about electric guitars – Clayton
Kauffman filed for a patent under the title "apparatus for producing tremolo effects" (US
1,839,395). According to it, a spring-loaded, movable tailpiece enabled the change in pitch,
"so as to produce a tremolo effect". Indeed, it was this "Doc" Kauffman who later was Leo
Fender’s business partner for a short time in the jointly operated K&F company, before
Fender started his "Fender Electric Instrument Company" in 1946 [Duchossoir]. The latter’s
first electric guitar, the Esquire, successfully entered the market around 1952, and then had
weathered the metamorphosis into the Telecaster. Time was right for the release of a further
guitar: "We didn't invent the tremolo thing. It had been used on many other instruments, but
we wanted it because it seemed to be very saleable [Tavares]". On August 30, 1954, Leo
Fender filed for a patent for the Stratocaster (US 2,741,146), an electric guitar with a
"synchronized tremolo". Duchossoir describes the first experiments: "the first vibrato
designed by Leo Fender was, by all accounts, fairly similar to the unit later installed on the
Jazzmaster guitar released in June 1958. It allowed some string length between the bridge
and the tailpiece, were the strings were anchored. This early version was fitted with
individual roller bearings, meant to facilitate return to pitch, but in fact they were damping
the string sustain because of too much lateral vibration. It would also appear that the steel
rod used as a tailpiece did not anchor the strings firmly enough and their energy was
dissipating to the detriment of tone and sustain." Leo Fender comments: "We had to chunk the
whole thing and completely retool". And: "With a string, you can't have vibration in any
direction at the bridge, it's got to be as solid as the Rock of Gibraltar". This is stated by Leo
Fender (bookkeeper by education), and darn is he on target. It’s a different story that as late as
2005, the “experts” at Gitarre & Bass opine that the largest part of the string vibration should
be fed to the body.
In order to keep bridge and tailpiece from developing too much of a life of their own, Fender
combines both into a single unit supported on knife edges – that was the groundbreaking idea.
Why he deviates again from it in the Jazzmaster remains Fender’s secret. Fig. 7.118 shows a
cross-section through the Stratocaster vibrato. The strings run across adjustable bridge saddles
to a so-called “sustain block” fitted with tension springs at its lower side that provide the
counter-traction. The L-shaped base plate is held in place by 6 wood screws that are not fully
bolted down such that the base plate can easily be tilted upwards. The rotational axis is
located between wood screw and slightly countersunk hole in the base plate. The traction
force Ψ generated by the strings (at the time about 730 N) causes a torque at the short lever
(about 9 mm) that is compensated by 5 tension springs at the long lever (about 42 mm).
Today, lighter strings are customary and often only 3 springs are used. Their exact traction
force may be adjusted via two tension screws (not shown in the figure). The pronounced bend
angle with which the strings run across the bridge saddles causes relatively high contact
pressure forces, and any residual damping due to the short residual string section (Chapter
7.7.4.3) is weak. Nothing is perfect, now even this design, but it works well enough that to
date Fender has only introduced small changes.

Fig. 7.118: The Stratocaster vibrato.
© M. Zollner 2010
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One of these changes concerned the mounting screws: how does a force distribute itself across
6 screws? In an undefined manner! And so the 6 mounting screws were reduced to two in
1987 for the American Standard Stratocaster, which resulted in a reasonably unambiguous
knife-edge bearing, at last. The second change concerned the bridge saddles: originally
shaped from sheet metal, they became die-cast cuboids in the 1970’s. Not on all models,
though: some were still produced with sheet-metal bridge saddles. Both versions do work –
however, they have their special manufacturing tolerances. Depending on circumstances,
every bridge saddle is one of a kind with the 3 screws at each end giving it highly individual
contact-stiffnesses and -damping.

Fig. 7.119: Flux of force in the Stratocaster bridge.

The flux of force in a bridge saddle is shown in Fig. 7.119: the bent string exerts a force
pointing downward to the left at an angle onto the bridge saddle (compare to Fig. 7.113).
Since string diameter, and position and angle of the bridge saddle vary, the amount and the
direction of this force vary, as well: its x-component can range from 5 to 35 N, its ycomponent from 21 to 73 N. The y-component is absorbed by the lower side of the vertical
adjustment screw1, and the x-component is absorbed by the horizontal tension screw. Since,
however, the correspondingly parallel forces do not run through the same point, two torques
will result – designated Mx and My here. As a rule, these torques will not be of the same
magnitude which is why the small vertical force FM needs to additionally act on the tension
screws. Given the usual geometry, this force will be directed downward (in the figure) and
finds its counterforce (not indicated) at the vertical adjustment screw. The larger FM is, the
more the horizontal tension screw braces itself into the thread of the bridge saddle, and the
more this connection becomes solid. Thus: the smaller FM is, more wobbly the arrangement.
FM becomes small if the string runs across the bridge saddle at a small bend angle. This is, at
the same time, the scenario in which the other forces become small and in which only small
relative movements – which would remove vibration energy from the string – are possible.
Now, the users of Strats are not exactly know for constantly complaining about un-playability
and lack of sustain – for the majority of these guitars, the adjustability of the bridge saddles
does not need to be exploited to the limit, and most bridge saddles offer a secure footing to
the string. If the bridge saddle is moved back so far that the string experiences another bend at
the oblong hole, adequate retention forces can be expected also for light strings. Problems can
result only for guitars with such an unfavorable neck fitting that the bridge saddle needs to be
positioned at the furthest front end (i.e. the beginning) of the tension screw. Still, when
comparing this to the jiggle existing on the Jazzdesaster (Chapter 7.10.3.2), even Fx = 21 N
could still be called rock-steady.
When dealing with a vibrato system, the main questions always are: how stable is the tuning,
and how large is the possible detuning? In this respect, the Stratocaster vibrato offers an
acceptable performance, with some potential for improvement. The effect of the vibrato is,
however, not limited to the above main functions, and therefore we will in passing look at
some side-effects: the tension spring located within the guitar body vibrate close to the bridge
pickup and induce electrical voltages, and moreover the sustain block with all the springs
constitutes a resonance system.
1

Friction forces are disregarded for his simplified consideration.
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6 steel strings are positioned above the bridge pickup of the Stratocaster, und 5 steel springs
below it (today, often there may be merely 3 of them). Normally, the steel springs are
concealed but that does not keep them from having an inductive effect – and one that is only
bearable because they are further away from the pickup than the strings. Each of the springs
can adopt longitudinal, transverse, and rotational vibrations, and will do so, too, as soon as
strings and/or guitar body are set in motion. Apparently, this latent life of its own is not
entirely undesirable but is seen as a kind of Strat-typical reverb system (although there are
also guitars with the vibrato springs wrapped in a soft cloth to reduce just that effect). A
reverb in the usual sense must, however, not be expected because this system features merely
a few pronounced resonances. The investigated Strat-specimen (010-gage string set, 3
springs) showed a 47-Hz-resonance that also prominently manifested itself as a line in the
pickup spectrum. This is the Eigen-frequency (natural frequency) of the vibrato arrangement,
composed of the stiffness of strings and springs, and (mainly) the mass of the steel block.
Eigen-vibrations of the springs appear around 140 Hz, and at harmonics thereof. The resilient
string bearing makes itself felt as selective absorption in the bridge conductance at a
frequency range around 500 Hz – however, this effect is not very pronounced.
The following table shows orientation values for string tension, string strain, and longitudinal
string stiffness, for a 009-set, and for a 010-set of strings. As the vibrato lever is operated, it
needs to act against the sum of all string stiffnesses plus the spring stiffnesses.
Diameter
Tension force
Strain
Stiffness

9
59
4.8
12.3

11
50
2.7
18.5

16
66
1.7
39

24
75
3.8
20

32
75
2.4
31

42
72
1.6
45

mil
N
mm
N/mm

Diameter
Tension force
Strain
Stiffness

12
105
4.8
22

16
105
2.7
39

24
133
1.7
78

32
133
3.8
35

42
130
2.4
54

53
116
1.6
73

mil
N
mm
N/mm

Table: String diameter, string tension force, string strain, and longitudinal stiffness of string.
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7.10.3.2 Fender’s Jazzmaster vibrato (aka. tremolo)
He did give it another try … according to Duchossoir, Leo Fender had already sought the
separation of bridge and tailpiece in the Stratocaster, but it did not work out in that first
attempt. Once more into the breach, then: in 1958, the Jazzmaster was presented, offering a
"floating tremolo with a floating bridge" based on a tailpiece-bearing on a knife edge, and a
bridge set onto two pins (Fig. 7.120). The 6 bridge saddles (short, threaded rods) sat in a ushaped rail that itself was positioned on two pointed posts. As we operate the vibrato lever
(we do call it that, dear Leo, because it is – after all – not a tremolo that we achieve) the
strings do not need to slide (with much friction) across bridge saddles, but rather the whole
bridge tilts back and forth on the very-low-friction steel points. The inner diameter of the
bushing is slightly larger than the diameter of the posts and allows for a shift of the bridge of
about ±1 mm. That is enough for moderate pitch changes – they do primarily not depend on
the length variation of the string but on the strain variation!

Fig. 7.120: Vibrato system of the Jazzmaster.

The main issue with the Jazzmaster vibrato system is that the strings bend across the bridge
saddles with a very the shallow angle (6 – 7°). As late as 1968, 10 years after the introduction
of the Jazzmaster, the Fender catalog specifies 012-strings as factory fit; and it was
presumably this string gage with which Leo Fender optimized his guitars. For a set of 012strings, the tension force of the E4-string amounts to 105 N, for a 009-set it is 59 N, and for a
008-set it is a mere 47 N. This results in a string pressure at the bridge of Fy = 5.2 – 12 N, and
a force at each of the two vertical adjustment screws of 2.6 – 6 N (the thinner the string, the
smaller the forces become). The longitudinal force resulting from the bend amounts to only Fx
= 0.3 – 0.7 N i.e. it is barely existent at all. This force should not be pronounced, too, because
it can only be absorbed via the string friction as the bridge “floats”. To keep the bridge
saddles from longitudinally resting on the bridge in a totally undefined manner, Leo Fender
fitted them each with a coil spring – but this generated only a weak tension in the case of the
treble strings. For the bass strings, the coil springs got in the way of perfect intonation plus
they had to be shortened, presumably killing off many a precision wire cutter.
Maybe this guitar (just like the Jaguar fitted with the same bridge) was reasonably playable
with 012-strings, but with the increasingly popular light gauge strings, problems mounted,
and the success on the market failed to materialize. Jazz players did not want to change, and
all others already had the Stratocaster and the Telecaster if they opted for buying a Fender.
Dutifully, the promo-department had exaggerated: Fender's famous Jaguar guitar is the
standard of solid body excellence on today's musical market. This exceptional instrument
incorporates Fender features offering playing versatility unmatched by any other. Well…
Hendrix did not burn his Strat at Monterey out of frustration, only to change over to the
mentioned “standard” with flying colors, did he? Some sources say that he was seen with a
Jazzmaster initially … but only for a short time, and from 1966, the Strat was it for him.
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7.10.3.3 Paul Bigsby’s vibrato
As some kind of Renaissance man about town, Paul Bigsby repaired and invented devices of
all kinds. Around 1947, he also built a few electric guitars (e.g. for Merle Travis). His real
claim to fame, however, was his vibrato system that was deployed on many early guitars. The
strings were hooked into a rotatable shaft, with the counter-torque being delivered by a
spring-loaded lever. Allegedly, it was a spring taken form a Harley – an obvious choice for
motorcycle mechanic Bigsby. The vibrato system shown left in Fig. 7.121 is one from a
Gretsch Tennessean built around 1960. Here, the bridge merely consists of a solid metal
cylinder that can be adjusted in height via screw and threaded nut – there were however also
other bridge designs (aluminum wedge, roller-bridge).

Fig. 7.121: Left: side view of the Bigsby vibrato. Right: different
variants [Rockinger Guitars].

The Gretsch Tennessean is a hollow guitar without any sustain block; its thin top cannot take
any large forces. Maybe the bend angle of the strings must in fact not be more than 4° (as it
showed up on the investigated guitar), maybe more could be allowed … we cannot find out
using a non-destructive approach. At least the strings do rest on a solid steel cylinder and not
on jittery bridge saddles. For those who like to use thin strings and can do without the rather
instable vibrato system: replace the vibrato shaft by a cylinder, drill 6 holes through it and
insert the string through the holes. This increases the bend angle, and the bearing forces reach
about the value they had with the factory-supplied strings. All that is at your own risk, of
course.
For guitars that are able to withstand larger forces on their tops, the Bigsby was (or is) also
available with an additional pinch roller increasing the bearing forces but also the disruptive
frictional forces (shown on the right of the figure).
The bridge in the form of a cylinder (of a diameter of originally 13 mm, later 9.5 mm) acts as
non-linear bearing because the string experiences a shortening as it vibrates towards the guitar
body. This effect is, however, not strong; compared to a sitar, the cylinder radius is small
[Burridge et al. 1982: The sitar string, SIAM J. Appl. Math. 42, 1231 – 1251].
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7.10.3.4 The Rickenbacker vibrato
According to GRUHN'S GUIDE TO VINTAGE GUITARS, as early as 1932 an electric
Rickenbacker guitar was built with a Kauffmann vibrato – that’s 20 years ahead of the
Stratocaster, after all. The version described here is, however, not this archetypical guitar but
a later variant from the golden 1960’s, when the Byrds, the Beatles and the Who helped to
create a short period of blossoming of the Rickenbacker tulips. To be specific: it’s a model
Nr. 335 from 1966. The bridge consists of a u-shaped rail open to the top in which standing
“forks” can be shifted back and forth via adjustment screws. In a recess, the forks carry a
small roller on which the string rests. The whole thing is tightened up in such a remarkably
rigid fashion (at least it is on the investigated guitar) that even the rollers cannot be moved
(anymore?). So, is this the perfect bridge? Well, there are 4 screws inserted through the Ushaped rail; they rest on a metal plate (Fig. 7.122). With 3 screws, we would achieve a
defined bearing but with 4 screws the situation remains undefined. The height of the bridge
needs to be very carefully adjusted so that all 4 screws transmit approximately the same force
– and then we need to hope that this adjustment never changes again. If we moreover mount
heavy strings and take the vibrato arm off …

Fig. 7.122: Side view of the Rickenbacker vibrato (1960’s vintage).

The spring-loaded tailpiece rivals Fender’s ideas when it comes to ingenious simplicity: a ushaped sheet metal into which 2 further sheets are hooked – done. The vibrato lever serves to
bend the u more closed or more open, and changes the string tension that way. Once the
strings have been inserted into the tailpiece, the latter for starters won’t cause any problems.
The latter may, however, occur at the bridge: first because the bearing there is undefined, and
second because the bend angle of the string is, at 5°, even smaller than that on the Jazzmaster.
It should be noted when considering these numbers that they are measurements on individual
guitars; any production tolerances from the 1960’s were not looked into.
The Rickenbacker 335 is not a solid body guitar but has a hollow body with a 4 mm strong,
vibration-happy top. Compared to a Les Paul, this “semi-acoustic” build leads to higher
conductance values and thus to a stronger damping of partials (Chapter 7.11). However, much
faith in a well thought out vibration design is not coming our way: the top is stabilized on its
lower side with a rather archaic cross-bracing, but then a ½“-cutter was used to mill slots into
the top for the pickups – with the cutter taking no prisoners and clearing its way through part
of the bracing, as well. Of course: pickups have first priority in the electric 6-string. What’s in
the way gets removed.
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7.11 Solid Body vs. Hollow Body
In order to be able to radiate sound as well as possible, the archetypical guitar featured a
hollow body sporting a thin top. Early protagonists of electrification tried to sense the
vibration of the top using pickups of record players, but Adolph Rickenbacker, Paul Bigsby,
Les Paul, and Leo Fender (to name but a few) soon realized that the sound-amplifying effect
of a hollow body can be dispensed with as soon as the loudspeaker takes over. Enter the solid
body guitar. Its body consisted of a solid board (or several boards glued together) of an
overall thickness of about 5 cm, and it was not hollow anymore but solid (hence the name).
However, not all electric guitars operate according to this principle, there have been (and still
are) several variants:
• The “electrified” acoustic guitar, that received pickups merely as an add-on,
• The hollow semi-acoustic guitar,
• The semi-acoustic guitar fitted with a sustain block (semi-solid guitar),
• The solid guitar (solid body).
The electrified acoustic guitar (having a “full resonance”) has a hollow body of about 12 cm
thickness and includes 1 to 3 magnetic pickups. N.B.: alternatively, it may feature a piezo
pickup stuck to the top; after Charlie Kaman took care of associated groundwork, this pickup
has been banished into the (Ovation-) bridge. Besides these big matrons that are often
lovingly cradled in the arms of Jazz guitarists, we find (heavy) solid-bodies (e.g. Les Paul or
Stratocaster), and in between the more or less hollow ones: semi-solid (e.g. ES-335) and
semi-acoustic (e.g. ES-330).

Fig. 7.123: The four basic types; acoustic, semi-acoustic, semi-solid, and solid-body guitar.

On top of the basic models shown in Fig. 7.123, there are some more intermediate variants
such as the solid body into which more or less extensive cavities have been milled, or the
more or less braced semi-acoustic; and all these with or without sound- (or F-) holes (real or
just painted-on). The bridge finds very solid (sic!) footing with little damping on the body of a
solid-body guitar such that the vibration of the string is determined for the largest part by
attenuation due to air, internal damping, and damping due to the neck♣. Give a freely
vibrating top, things are very different: the bridge placed there is not as immobile as it is on
the solid-body, it yields somewhat to the string excitation and in turn dampens the decaying
oscillation of the string. The determining magnitude here is not just the bridge mass because
any stiffness acting on the bridge will reduce the reactive share of the mass. As a formula:
Spring/mass/damper-system

Combining this equation with the condition for resonance ω2 = s/m, the imaginary (reactive)
parts compensate each other, and only the damping resistance W remains. The active share of
the bridge-admittance Y = 1/Z, i.e, the conductance introduced in Chapter 7.7.4.4, reaches
values of such magnitude in acoustic and semi-acoustic guitars that it becomes significant
relative to other damping mechanisms. Only in guitars of such build has the wood of the body
a more-than-marginal influence on the “electric sound” – only for such guitars is it worth to
investigate the construction of the body more closely.
♣

Other mechanisms of damping are summarized in Chapter 7.7.
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Fig. 7.124 juxtaposes the conductance and the decay times of the partials in several guitars,
including the Fender Stratocaster as archetypical solid-body, the Gibson ES-335 as sustainblock-reinforced semi-solid, the Rickenbacker Nr. 335 as semi-acoustic with a strong top, the
Gretsch Tennessian with a thin top, and the Martin D-45V as purely acoustic guitar. The
measurements were taken with some time lag; smallish differences between the decay curves
and the conductance curves may therefore be possible.

Fig. 7.124: Bridge conductance and decay times of partials (open E2-string).
The grey area indicates the theoretical maximum T30-decay due to internal & radiation damping (Chapter 7.7.2).
Translated by Tilmann Zwicker
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Fig. 7.124 shows the Stratocaster-bridge to be relatively immobile; only between 500 Hz and
800 Hz we find any significant maxima in the conductance – these are due to the special
design (spring bearing). The ES-335-bridge, too, is rather on the immobile side, with the
exception of the bending vibration between 1.5 kHz and 2 kHz. The Rickenbacker-bridge
fails to find a truly solid base on the freely vibrating top (only reinforced by a simple Xbracing), and the quite significant conductance results in a reduction of the decay times up to
about 2 kHz. The Tennessean exhibits an even larger conductance with the thin top vibrating
strongly (and absorbing correspondingly). The Martin D-45V is a pure-bred acoustic guitar
(without pickup), and its top has pronounced low-frequency resonances.
The conductance at the bridge is not the only source of string-damping, but it may become its
main component. However, if the conductance drops to insignificant values (such is the case
for the Stratocaster above 800 Hz), the bridge and the body below it do not contribute much to
the sound (in this range) anymore at all. It has already been elaborated in Chapter 7.7 that the
string moves in circular and longitudinal vibrations, that inner damping and neck-damping
also contribute to the overall damping, and that pick and the attack performed by the player
have a big influence on the sound. Generally evaluating the decay time of the Stratocaster, we
identify three ranges: below 300 Hz there’s neck-absorption, between 500 Hz and 800 Hz,
there’s bridge/spring-absorption, and above 800 Hz, the treble dissipation due to inner
damping occurs. Addressing all those who seek to give extra value to the many individual
peaks: be cautious, since these small peaks change permanently if we merely press the little
finger against the bridge. It has also repeatedly been noted that the decay time shown in Fig.
7.124 can only be measured if brand-new strings are being used. After only 30 min of stage
work, the decay times for the E2 at middle and high frequencies may have dropped off to 1/3rd
or 1/4th!
Compared to the Stratocaster, the other guitars analyzed in Fig. 7.124 reveal shorter decay
times in some ranges – this is i.a. due to the respective bridge- or top-construction. How much
(or how little) the bridge conductance depends on the given bridge of one and the same guitar,
is shown in Fig. 7.125: the Gretsch Tennessean (made in the 1960’s) was fitted with an
aluminum bridge (Rocker bridge), but the cylindrical bridge (straight bar bridge) could be
found in the case, as well. Up to about 1 kHz, the bridge conductances differ only slightly –
for this guitar, the influence of the top dominates in this frequency range. At higher
frequencies, the differences in conductance between the two bridges are more pronounced,
because the cylindrical bridge is a bit less happy to vibrate and therefore dampens slightly
less. However, these conductances have little influence on the string movement because in
this (middle and high) frequency range, the internal damping of the string already dominates.

Fig. 7.125: Gretsch Tennessean, bridge conductance for two different bridges (E2-string);
“Zylinder-Steg” = cylindrical straight-bar bridge; “Alu-Steg” = aluminum Rocker-bridge.
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7.12 Vibration – Sound – Tone
Presumably, most guitar players seek to make music rather than solve differential equations
for vibrations. That’s the right spirit – despite all that physics stuff we should remind
ourselves of that main purpose of the electric guitar! Okay, the instrument may also be set on
fire (Monterey et al.), but that brings the service life down to inacceptable levels. How
marvelous when we use it as tone generator: notes and sounds, rapture and ecstasy,
consonance and dissonance, emotion and tinnitus. However, just asking about the tone
generation, we’re back in physics: vibration generates electricity generates airborne sound
generates perceived tone.
The guitar string will carry out vibrations – if you let it. The previous chapters have shown
that, for the magnetic pickup, the vibration velocity of the section of string above the
magnetic pole is significant. The pickup transforms the vibration velocity (the particle
velocity) into an electrical voltage that, if sufficiently amplified, will power the loudspeaker
membrane. The latter in turn excites air particles into vibrations, and these propagate as waves
in the medium of air, and form the sound field. As these sound waves reach the ear, they are
converted into membrane- and lever-vibrations, in the end generating impulses on nerve
fibers and auditory perceptions: tones, in plain language. The term tone is used in a number of
ways: in signal theory, it may designate the sum of many individual harmonic partials♣, while
in auditory psychology, it may indicate any perceived sound. Outside of the realm of
psychoacoustics, however, the tone simply is what science designates as “tone color” or
“sound color”: the guitar has a “throaty”, “chunky”, “singing”, or simply a “hot” tone. How
does it do that?

7.12.1 Linear string vibrations
The source for the pickup voltage is the section of string vibrating over the magnet. Plucking
the string feeds energy to it that then is lost again during the decay process. Friction against
the air and internal friction within the string convert part of the energy into heat while the
remaining part wanders off: via the string bearing (bridge, and nut or fret) into guitar body
and neck. And no, despite what many guitar and bass magazines’ continuously circulate: the
vibration energy should not as much as possible transferred to the guitar body, it should nicely
stay within the string. It has proven to be conducive to expand the string vibration into a
harmonic series (Chapter 8.2.4) i.e. to interpret it as the sum of individual partial sine-tones.
The previous chapters have shown that these partials decay quickly or slowly, depending on
the partial-specific damping mechanism. The tone results from frequency, level and decay
behavior of all partials – that’s easily said but much harder exactly described, because e.g. for
the E2-string, we would need to analyze more than 60 partials that do not simply decay
exponentially. Due to this vast variety of parameters, one may arrive at very different
strategies: we could mistrust “any theory whatsoever”, and plug different guitars into various
amps to conduct listening tests, or we could extract typical parameters from vibration
measurements to synthesize artificial tones. Both approaches have their merits as long as the
experimentation methodology does not contain any grave errors. Unfortunately, many of
those seeking a “practical” approach are of the opinion that one cannot go wrong with
performing listening tests. Rest assured, you can …

♣

The sum of sine-tones of only whole-number frequency relationships may also be termed complex tone.
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Here’s a typical “listening experiment”: at a concert, you get to hear Draco Deathbringer
playing his black Gothic Special (the one with the real-blood position markers). The next day,
you visit your large local store down by the river – they advertise just that model (along with
1400 others). You check out the guitar on display and are disappointed beyond measure. The
sales guy has an insiders’ tip: the production model sports only dabs of red varnish, it doesn’t
have the real thing … ah, in that case …! Exaggerated? How about this: you grab a Strat with
an alder body, and one with an ash body, play both extensively, hear differences – you have
discovered the influence of the wood on the tone! That cannot be an exaggeration because
something like it happens daily in editorial offices around the globe. Please listen up, dear
specialist editors: if you want to fathom one single factor of influence, you may only change
one single influencing factor. The same type of string needs to be installed on both guitars to
be compared, yep - brand new ones. Action and pickup-positions need to be identical, and of
course you need to mount one and the same pickup (have fun repeatedly de-installing and remounting it). Because: if you do not use the same (specimen of) pickup, you risk evaluating
differences in the pickups and not in the bodies. And while we are at it: the guitar body
normally ends where the neck starts. So: go ahead and swap the necks, as well, otherwise you
will assess the neck differences. That doesn’t work when comparing the LP Standard to the
LP Studio? Don’t loose heart – let’s consult that compendium about glues over there in the
corner. Seriously, though, it is here where the limits of this experimental methodology
become visible, long before we arrive at the recommendation that the strings need to be
picked to the millimeter at the same position, and that we need to carry out blind tests, of
course, and … and … and …
Such “listening experiments” often degenerate into euphoric racketing (you don’t get to play a
’58 Strat very often, do you!), followed by the insight that the ’58 sounds more authentic than
the relic’d copy. This may happily be corroborated with the rationale that the old woods are
just so much more inclined to vibrate along, and most of all, they have been “played-in” for
decades. However, maybe it’s only that nut, rock-solidly glued-in by some previous owner so
that it cannot be changed anymore without damage? Or it’s that loose vibrato fit? Or the
worn-down frets on the ’58 that must not be changed? Or the metal pickguard; you would
never imagine it to throw in a damping by eddy-currents, maybe because you have never
heard of them? Or the cables of different lengths that are being used to plug the two guitars
into that home-made switch box? Or the coat of varnish that hampers the guitar body to
“vibrate freely”? That lost pickguard-screw? The Leonids? For real, the latter actually exist,
turning up each November – probably to help prepare Fender products for the Winter-NAMM
(what “The Emissary” and “The Orbs” are for the people of Bajor, the Leonids are for the
Fenderides). The multitude of possibilities that may influence the sound of a guitar is
staggering, and herein lies the problem of such listening experiments: it is simply impossible
to separate the manifold causes, or to attribute exactly one single cause to one single effect. It
is here where the opportunity of artificial sounds lies: because we know exactly how they are
generated, we can change every signal parameter arbitrarily, and check for its audibility or
relevance. Nothing is perfect, though, and we run into other difficulties: how authentic is the
artificial sound – have we considered all significant parameters – doesn’t this all sound very
technical, still? Most of all: what does the (in-) audibility of the 15th partial tell us about the
ash/alder-issue? It all remains difficult … many paths lead up the mountain; not in the
otherwise customary disjunction, though, but rather in a unifying conjunction. Investigations
into materials are more the domain of the manufacturer because other folks can hardly screw,
one after the other, 10 necks to a body just like that. These would be necks for which it is
certain that really only the fretboard differs, and not the bearing of the truss-rod.
Investigations into parameters, however, may well be carried out in a university lab, and the
following pages will be dedicated to them.
© M. Zollner 2010
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It is conducive to divide the string vibration, with regard to time, into a “forced” part and a
“free” part. Plucking is the forced movement (it is not really a forced vibration in the strict
sense), because the string is forced to follow the pick (or fingernail, or such). After the string
and the pick have lost contact, the string may still come into (possibly frequent multiple)
contact with the frets – this will be elaborated on extensively in the following chapter. If the
string has no further contact to the frets (except the one against which it may be pressed), the
“free” vibration (also called the decay process) sets in.
The quantity relevant to the hearing system is the short-term spectrum of the velocity of the
string; specifically of the part of the string located above the pickup magnet (aperture, see
Chapter 5.4.4). The pickup maps the velocity to an electrical voltage that – after amplification
– is converted into a sound wave by the loudspeaker. Given the usual parameter setting♣, the
short-term spectrum (also called spectrogram) shows the level of the partials over time; the
parameters are fundamental frequency, inharmonicity, attack- and decay-spectrum, T30spectrum.
•
•
•
•

Fundamental frequency (e.g. E2 → 82.4 Hz) and inharmonicity (e.g. b = 1/8000)
were explained extensively in Chapters 1 and 2.
The attack-spectrum is the magnitude- or level-spectrum of the plucking/picking
process.
The decay-spectrum is the magnitude- or level-spectrum at the start of the regular
decay process.
The T30-spectrum indicates the decay time of the partial as a function of frequency.

All magnitudes mentioned above are simplifications: in particular for light strings and strong
picking attack, the fundamental frequency is time-dependent. The inharmonicity does not
describe the irregularities caused by all-passes (Chapter 2.5.2), and the attack may not be
describable with a single spectrum. Moreover, the T30-spectrum may consider beat-effects too
little or too much. Still, it is appropriate to start with a simplified consideration that may be
extended in special cases to a more complicated model. Especially for weakly plucked strings,
the pickup voltage can be described adequately well with the above model parameters; nonlinear behavior will be examined in Chapter 7.12.2.

Fig. 7.126: Spectrograms (0 – 650 ms, 0 – 5 kHz). E3 plucked weakly (left) and strongly (right) on the A-string.
Color dynamic (blue ... red) = 60 dB. Fender Telecaster, fresh strings, bridge pickup.

♣

Window length 20 – 40 ms, Chapter 7.6.2, Chapter 8.6.
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Fig. 7.126 shows two spectrograms of the output voltage of a Telecaster. The A-string was
fretted at the 7th fret and plucked at a distance of 12 cm from the bridge; the guitar was
connected to a high-impedance instrumentation amplifier input via a regular cable (580 pF). A
suitable normalization compensates for the lower voltage generated by the less strong
plucking; there are, however, still differences in the attack which forms the very short signal
portion immediately following the plucking. During the attack, the spectral lines form; the
duration of this onset of the tone can only be approximately determined: in the picture on the
left, it is about 20 ms, while in the picture on the right, it is about 60 ms long. If the strings
buzz audibly, the attack phase may take even longer – this will be discussed in Chapter
7.12.2. For the lightly picked A-string (picture on the left), the decay spectrum establishes
itself after about 20 ms; the levels of its partials decay approximately linearly during the
period following the attack. We shall investigate later why some partials contravene this
approximation, decaying with a beating effect. As a first-order approximation, it is assumed
that the decay process is comprehensively described by the decay- and the T30-spectrum
(Chapter 7.6.3).
In Chapter 1, the plucking of the string was interpreted as a step-excitation of a linear system,
supplemented by recognizing that the step is not ideal but “rounded-off”. From the positions
of the plucking point and of the pickup, two interference filters result (Chapter 2.8), and the
pickup acts as a treble-attenuating low-pass filter (Chapter 5.9.3). In the transmission model,
the excitation step passes through the mentioned filters; the latter map the step onto the
voltage. So, we now have: step, pick-filter (for the “rounding off”), plucking-interferencefilter, pickup-interference-filter, pickup low-pass, and output voltage. The two interference
filters have a particularly strong influence – their effect is shown in Fig.7.127. Just shifting
the plucking position by as little as 5 mm already substantially changes the interference filter
(and thus the spectrum; upper right and lower left). The same happens as the pickup is moved
by 3 mm (lower right). Those who see the pickup as immovable may consider that it is the
distance between pickup magnet and bridge saddle that counts: the latter certainly can (and
may need to) be shifted. N.B.: it’s mere millimeters that are crucial here!

Fig. 7.127: Interference filters for the Telecaster. Upper left: A-string plucked at the 7th fret, bridge pickup.
Upper right: plucking position changed by 5 mm (added to upper left graph). Lower left: line spectrum for the
upper right picture. Lower right: as lower left but with the pickup position changed by 3 mm.
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Fig. 7.128 shows to which extent model and reality agree. On the left, the decay-spectrum♣ is
depicted; it was on the one hand derived from a measurement (Fig. 7.126), and from the
above filter model on the other hand. In view of the large differences that already show up as
the plucking position is changed by a millimeter, the correspondence is to be seen as very
good. The T30-spectrum (the decay times of the partials) is shown in the picture on the right,
with the grey area indicating an estimate for the upper limit valid for the open A-string (due to
radiation and internal damping of the string, see Chapter 7.7.2, “orientation line”).

Fig. 7.128: Left: decay-spectrum (measurement –––, model: ----); right T30-spectrum (measurement). The region
marked in grey estimates the upper limit of T30 due to radiation/internal damping of the string, Chapter 7.2.2).

From the dataset shown in Fig. 7.128, we synthesized an artificial guitar tone (fG = 165 Hz
and b = 1/6060). The spectral analysis (Fig. 7.129) indicates a good correspondence – merely
the beating is (deliberately) not included. In turn played back via a guitar amplifier, both
signals sound identical as long as the duration is kept short (about 0.5 s). Only when
extending the duration to several seconds, minimal differences in the strength of the beating
become apparent. However, since any halfway gifted guitarist would almost always play a
note held for 3 s with finger-vibrato, this effect was ignored. If it were considered to be
relevant, after all, it would be very simple to add some beating to the artificial signal.

Fig. 7.129: Spectrograms. Left: real Telecaster-signal, right: synthetic signal. 0 – 5 kHz, 0 – 2.5 s.

We now arrive at a first conclusion: the time-variant short-term spectrum is a powerful tool to
analyze the voltages generated by weakly plucked strings, and the associated analysis of
partials is well suitable to generate artificial guitar tones. The decay spectrum results from the
data of pick, string and pickup, and from the plucking- and pickup-position. There is
practically no dependence on the remaining guitar parameters (in particular not on the wood).
The T30-spectrum, i.e. the speed of the decay of the partials, is defined by the remaining guitar
parameters.
♣

Here and in the following the results are not shown anymore as discrete frequency lines but as a polyline.
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In Fig. 7.128, the decay time reveals the already known decrease towards high frequencies, as
well as smaller frequency-selective variations. In the following we shall investigate how far
these small T30-peaks (e.g. around 2 kHz) have an effect on the audible sound. In the
following listening experiments, the tone synthesized according to Fig. 7.128 was the
standard sound. Starting from it, the decay times of individual partials were changed as
modifications. In these experiments, we could confirm very quickly the masking models [12],
according to which partials with small levels contribute practically nothing to the perceived
sound. It consequently is not important for the auditory impression how fast the 11th partial
(1.8 kHz) decays, as long as the modifications stay within the regular range. Even reducing
the decay time of the 1.8-kHz-partial to 0.5 s, or extending it to 2.5 s (Fig. 7.130) does not
change the aural impression. For the same reason, the particularly clear level difference
between model and measurement (Fig. 7.128, decay spectrum) for specifically this partial at
1.8 kHz is insignificant: the partials with low levels are masked and do not contribute
anything to the aural impression.

Fig. 7.130: Modification of the decay times of individual partials. The changes affected in the left-hand graph
remain inaudible; the extension (red) in the right hand graph is audible, the shortening (blue) remains inaudible.
The region marked in grey estimates the upper limit of T30 due to radiation/internal damping of the string).

A different situation is found for the 13th partial (2170 Hz): extending its decay time to 2.5 s is
audible, while the shortening to 0.5 s remains inaudible. However, small changes in the decay
time are caused already by minor shifts in the position of the fretting hand (Fig. 7.131 left) –
again, this has very little bearing on the sound. Only when playing the notes for several
seconds and when directing ones concentration specifically to the fundamental, miniscule
sound differences become apparent – but these have practically no importance. Yet another
situation emerges at the 2nd fret of the D-string: although the same note (E3) is being played,
both decay- and T30-spectrum are different. Despite the same plucking- and pickup-positions,
the two interference filters change their frequency response – due to the changed relation: the
A-string is plucked at the relative position 12/44, the D-string at 12/58.

Fig. 7.131: T30-spectrum. Left: E3 played at the 7th fret the A-string, left hand held in different positions.
Right: E3 played at the 2nd fret of the D-string. Fender Telecaster, fresh strings (009 to 046).
The region marked in grey estimates the upper limit of T30 due to radiation/internal damping of the string).
© M. Zollner 2010
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The changes in the decay time (Fig.7.131 right) are due to a strong location dependency of
the neck-conductance on one hand, and on the other hand due to the length-dependency of
the internal string damping. For the synthesized tone it is now very simple to keep the decay
spectrum (as shown in Fig. 7.128), and to change at the same time the T30-spectrum according
to the right-hand graph in Fig. 131. Does the sound change audibly due to this? It’s the same
fundamental frequency, almost the same inharmonicity, the same spectrum at the beginning,
but a different decay of the partials – indeed, that sounds different. Not yet for very short
durations (250 ms = 1/8th-note at 120 BPM), but already from a duration of 500 ms. The
longer the tones last, the more muffled the A-string note sounds compared to the D-string
note. This difference cannot be compensated for by the tone control – cranking up the trebleknob does not change the decay speed of the partials!
These audible differences between E3‘s played on the A-string and on the D string can hardly
be attributed to the body wood, because that is the same for both notes. To once more
summarize the causes for the differences: even when keeping the location of plucking the
string and the location of the pickup constant, the relative distances still change, and so do the
two interference filters. This is, for “normal guitar-playing” the main difference between the
A-string E3 and the D-string E3. If both notes are given the same decay spectrum (which is
only possible for synthetic notes), we notice a progressive treble-loss for the A-string E3: the
string sounds increasingly duller. The D-string sounds progressively brighter in comparison.
Now on to the Gretsch Tennessean, a true semi-acoustic guitar. Its hollow body promises
peculiarities in the decay behavior – but the listening tests do not show this. Of course, the
Tennessean sounds different – but that is mainly due to the different pickups and their
different position (compared to a Telecaster). The scale is different, as well – and therefore
Telecaster and Tennessean form different interference filters, even if the same note is played
on the same string. However, if – for the same decay spectrum – we change only the T30spectrum (i.e. the spectrum of the partials), we cannot hear any difference between Telecaster
and Tennessean for short notes. Only as the duration of a note increases to about 500 ms,
differences start to become noticeable – and these are minute differences!

Fig. 7.132: Gretsch Tennessean, E3 played on the A-string (left) and on the D-string (right). The solid lines are
the result of fresh strings (009 – 046), the dashed lines are the result of “broken in” strings (009 – 046).

The differences caused by the aging of strings are much larger (Fig. 7.132). Only for
completely fresh strings, any frequency-selective peculiarities can be detected at all –
for “broken in” strings, string-internal loss mechanisms dominate. Still, there is no generally
applicable rule about the loss of brilliance as a function of time, because the individual
parameters (dust, skin-fat/oil and -abrasions, bending-grooves, rust, fret- and string-material)
are too diverse.
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Fig. 7.133: Decay time of partials. Comparison Fender Telecaster (----) vs. Gretsch Tennessean (–––).
Fresh strings (009 - 046), E3 on A-string (left) and on D-string (right), plucked with a pick.
The region marked in grey estimates the upper limit of T30 due to radiation/internal damping of the string).

The direct comparison between Tennessean and Telecaster is shown in Fig. 7.133. In some
ranges, shorter decay times can be seen for the Tennessean – an effect of the hollow, flexible
(and thus absorbing) body. For shorter notes, however, these differences are certainly put into
perspective: a T30-difference of 1.9 s relative to 3.0 s translates into a level difference of 1.5
dB for a note of 0.25 s duration (an 8th-note at 120 BPM). Such a difference may just be
noticeable under conducive laboratory conditions, but it is of not much significance in
everyday life on stage or in the studio. We cannot often enough remind ourselves of this: it’s
in the fingers. And also in the pickup, and in its position. How the spectrum is shaped by the
plucking- and pickup-positions, that is subject of the following investigations.
As with every spectral analysis, we need to find a compromise between high spectral and
high time-related resolution (compare to Chapter 8.6). In order to keep leakage-effects at a
bearable level, the time-function needs to be subjected to a “window”. In Fig. 7.134, the left
hand part depicts the pickup voltage of a plucked E3, starting with a positive peak.
Multiplication with a window-function yields the right-hand graph – and it is here where the
multitude of parameters catches up with us, because duration as well as type and parameters
of the chosen window define the spectrum.

Fig. 7.134: Weighing over time of the pickup voltage (E3) by a Kaiser-Bessel-window (N = 2048).

To spectra for the above depictions are shown in Fig. 7.135: on the left using a 2048-point
window, on the right with a 1024-point window. We could live with both representations, but
due to the clearer line-structure the following analyses use the 2048-point window.

Fig. 7.135: DFT-spectrum for Fig. 7.134, Kaiser-Bessel-window, N = 2048 (left), N = 1024 (right).
© M. Zollner 2010
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Fig. 7.136: Spectra and time-functions (subjected to the window) of the pickup voltage. E3 on D-string,
Telecaster. The calculated model-envelopes (----) fit perfectly to the measured line spectra.

In Fig. 7.136 we see the spectra corresponding to different time-excerpts. During the first
milliseconds, the pickup position, and pick- and pickup-filter determine the shape of the
spectral envelope (dashed in red). As the pick leaves the string, two step-response waves run
off in two directions. The wave running towards the bridge crosses the bridge pickup first and
is compensated shortly afterwards by the opposite-phase bridge-reflections – this results in a
short positive impulse. The other step-response wave is reflected by the 2nd fret and reaches
the pickup somewhat later – only now the picking-interference filter (on top of the pickup
interference filter) takes an effect (dashed in blue).
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The impact of these two interference filters depends on the string length, and on the pickingand pickup-positions. In this example, the pickup itself approximately acts as a 2nd-order lowpass (fx = 4 kHz, Chapter 5). As shown by the example, the aperture of the magnet and the
rounding-off of the excitation step may very nicely be modeled by a further 4.3-kHz low-pass.
The body wood? That can exert any influence on the spectrum and the sound of the guitar
only via the damping of the reflections, and here the following holds: the shorter the
observation period, the fewer reflections we get, and the more insignificant the body! Even at
150 ms (lowermost graph), we still recognize the dominance of the two interference filters in
the decaying spectrum. Only the 5.3-kHz-partial behaves differently: it decays significantly
faster than its colleagues. Still, as already elaborated extensively in Chapter 7.7: first we need
to consider the damping characteristics due to strings and bearings. The influence of the body
wood comes last.
Fig. 7.136 justifies a distinction into an attack- and a decay-spectrum. During the first
milliseconds, the spectral envelope (dashed in red) depends only on the pickup-interference
filter (besides the pick- and pickup-low-pass). Only from about 10 ms, the pickinginterference filter gains in significance. For the auditory perception, the decay spectrum
formed by all filters is decisive; its envelope is included dashed in blue in Fig. 7.136 for the
30-ms-spectrum.
A different situation only appears as we move to the non-linear system, but before we concern
ourselves with its idiosyncrasies in the next chapter, let’s first look at some fringe-effects.
Besides the guitar, also amplifier, loudspeaker, and listening room will of course influence the
sound arriving at the ear. Boosting a partial originally weak in level by a frequency selective
filter (EQ), this partial may increase in significance and become audible. A similar
development may occur if the decay time of a partial is changed to the extreme (e.g. from 1 s
to 5 s). Any statement regarding the audibility (or non-audibility) is therefore never of general
validity but should be taken in the framework of normal stage- and studio-technology.
Moreover, the results found for one note cannot be directly carried over to all other tones – a
guitar has more than one string, more than one fret, and more than one partial. Only the
transmission-filter of the pickup (Chapter 5.9.3) may be seen as reasonably string-unspecific.
Pick- and aperture-filter are string-specific, and on top the two interference filters are also
strongly position-specific.
Last, it should be mentioned that we were not out to obtain the absolute threshold of
perceived differences. In basic research it may be justified to exactly determine the difference
between a real guitar note and a correspondingly synthesized note using a representative
group of subjects. Or to e.g. find out that beat-differences were recognizable from a noteduration of about 0.23 s. However, if the fretting hand grabs the neck a bit more strongly for
the repeat measurements, this duration would change, and the same would happen if the angle
of attack of the pick would change minimally, of if the guitar is pressed a bit more tightly to
the belly. This threshold of perceived differences is not unimportant – but it is connected to an
overwhelming variety of parameters. The functional model including pick filter, pickinginterference filter, pickup-interference, and pickup-transmission filter explains the
spectrogram in a simple manner; the data-sets of decay-spectrum and T30-spectrum are the
most important ones for this spectrogram. If we additionally supplement fundamental
frequency and inharmonicity, weakly plucked notes of an electric guitar may be synthesized
with good quality, as long as their duration is not too long. Based on this model, parameter
variations may be checked, with the result being the assessment of the relevance of individual
components. Indeed, this is much better than the pure hunch that alder would give a shorter
sustain due to its higher elasticity [G&B and others, see Chapter 7.8].
© M. Zollner 2010
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7.12.2 Non-linear string oscillations
Now, we will have to dive into the thicket of complicated matter. That’s because
communication engineering teaches us that for non-linear systems there is neither
superposition nor proportionality, and neither transfer function nor step response. Of course,
we may drive also a non-linear system with a step excitation, but the response (reaction) is not
a signal-independent system function, but it depends on the excitation signal – and as a result
there is not “the one” step response but there is an infinite number of such step responses.
Strictly speaking, every technical system is non-linear, but often this is to such a small degree
that the transmission characteristics may be simplified towards linearity. Chapter 5.8 had dealt
with the non-linearities occurring in pickups – the effects are far from insignificant yet they
are far outweighed by the non-linearities possible in the string vibrations. The latter become
non-linear if, after being plucked, the string hits the frets. In this case, the step-waves
generated by the plucking are not only reflected by the bridge and the nut (or the fretted fret)
but also at the (other) frets. This process is dependent on the plucking-strength and therefore it
is non-linear.

Fig. 7.137: Spectrogram of a plucked D-string (E3, 0 – 800 ms, 0 – 10 kHz, dynamic in the graph = 30dB).
Left = lightly plucked, right = strongly plucked. Fender Telecaster, strings 009 - 046, bridge pickup.
The analyses were scaled to the same maximum drive level.

Fig. 7.137 shows spectrograms of a D-string plucked with different strengths. Depicted are
auditory spectrograms (Cortex VIPER) the analysis-parameters of which are adapted to the
characteristics of our hearing system. It is hard to believe that both analyses were obtained
with the same guitar, the same string and identical plucking positions – only the plucking
strength varied. The lightly plucked string clearly reveals the interference filter, with the
spectral emphasis being formed by the first three partials. The outcome for the strongly
plucked string is very different: the first two partials (fundamental and second harmonic) have
only a weak level – their vibrations cannot unfold due to the amplitude limitation. Even if a
simple model would attribute the same displacement-amplitude to each partial, the pickup
voltage – corresponding to the velocity – would increase with increasing order of the partial
in this model. In a real plucked string, the partials do not have the same displacement
amplitude: the plucking-interference-filter causes gaps (e.g. for the 5th and the 10th partial).
However, already the first string/fret-contact starts to fill in these gaps. If we interpret the
plucking of the string as a step-excitation, the string hitting the fret could be seen as a kind of
impulse-excitation, albeit quite a special one. This is because while the plucking action feeds
vibration energy to the string, hitting the frets can only cause an energy loss. How big this
loss is depends on the surface qualities (among other factors): little loss for a fresh string and
a clean fret but more loss, if an in-between layer of dust/grease/talc acts as an absorber.
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The (normalized) time function shown in Fig. 7.138 underlines the differences between the
lightly and the strongly plucked string: during the first few periods, only the dispersion has an
impulse-changing effect in the left-hand graph, while for the strongly plucked string,
reflections are clearly visible already within the first period. These are reflections that can
only stem from the obstacle located closest – and that is the last (22nd) fret. There is a
significant chance that a strongly plucked (thin) string comes in contact with the last fret
already in the plucking process (compare to Chapter 1.5.3), but the exact evolution over time
of this and other fret-contacts are dependent on the individual plucking – this is in fact why
the system behavior is non-linear. A model can therefore emulate the fret-bounce either only
for the individual case, or simulate – as a stochastic model – a generic average event. Which
is the problem: we will not get far with one model alone, because the well-versed guitarist is
able to generate a multitude of fret-bouncing “snap-sounds”.

Fig. 7.138: Time function of the pickup voltage; left = lightly plucked string, right = strongly plucked string.

Fig. 7.139 depicts in which unexpected variants the decay of a strongly plucked string can
occur. Again, the D-string of a Telecaster fretted at the 2nd fret is shown, strongly plucked at
12 cm distance from the bridge (as in Fig. 7.137). As opposed to the above analysis, the string
was not pushed downward at a slant, but lifted up and then let go. At 0.6 s, the spectrum (and
the sound) change unexpectedly: the 5th partial literally cuts out, while other partials only
come to life at that point in time. These changes are not connected to the fretting hand but are
the work of the string alone – in cooperation with the frets.

Fig. 7.139: Spectrogram of a plucked D-string (E3, 0 – 1500 ms, 0 – 10 kHz, dynamic = 30dB).
Right: red = 5th partial, blue = 4th partial, black = level of fundamental; all as a function of time.

The string, with a vibration that is at first almost perpendicular to the fret-board, hits the frets
which transfers part of the vibration energy into a mode parallel to the fret-board. Over time,
however, the plane of vibration changes back again, as easily visible from the level of the
fundamental (----). Around 0.6 s, the increasingly fret-board-normal vibrating string
approaches the frets again such that a further crash occurs. This crash considerably disrupts
the 5th-order vibration, but at the same time retriggers and amplifies the 4th-order vibration. A
model describing vibrations in only a single plane would not succeed for such a behavior,
even if that model would allow for non-linear amplitude limiting.
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Fig. 7.140 shows further spectrograms; again only the strength of the plucking was varied. It
is characteristic that the partials decay neither exponentially nor according to a simple
beating-model, but suddenly change their decay behavior. Even an increase in level is
possible (albeit one only for a limited time) – this can be attributed to a slowly rotating
polarization plane. Contact between string and fret may be limited to the first 0.1 s, but may
also still occur after 1 s. The evolution of the level and the sound color over time is
correspondingly rich in variation. These figures highlight that the neck (or rather the frets)
enjoy an elementary significance: a fret minimally projecting over the other frets will generate
other bounce-contacts than one that is worn down.

Fig. 7.140: Auditory spectrograms and levels of partials of a plucked D-string (compare to Fig 7.139).
Level-normalized scaling; dynamic in the graph = 30 dB. Telecaster, bridge pickup, fresh strings (009 – 046).
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It is not difficult to corroborate speculations about string/fret-contacts by measurements: for
this, all 22 frets of a Telecaster were electrically connected to a 22-channel analyzer, and all
contacts occurring during the decay were stored. The representation in a tactigram (bounce
chart) shows characteristic patterns that agree well with a line model (Fig. 7.141). The Dstring of the Telecaster is pushed down such that it comes into contact with the last (22nd) fret
– this happens often when light strings are used. As the string looses the contact to the pick,
waves propagate in both directions and are reflected at the last fret and at the bridge, and lift
the string off the fretboard, as shown in Fig. 7.142.

Fig. 7.141: Bounce chart. Telecaster, D-string fretted at the 2nd fret, pressed down strongly 12 cm away from the
bridge and then released. Top: measurement; bottom; model-calculation. Dots = string/fret contacts.

After half a vibration period, a maximum in the displacement has formed above the 6th fret
(Graph #8 in Fig. 7.142); it breaks down again during the further continuation of the
vibration. Immediately afterwards, the string hits the fretboard, with curvature of the neck and
condition of the frets deciding where exactly the string/fret contact happens. The angle with
which the string is pressed down also plays a role: it makes for a difference whether the string
is pushed down exactly perpendicular to the fretboard or with a slant relative to the fretboard.
This is because the orientation of the string excitation determines the share of the fretboardparallel vibration. During the decay process, the plane of vibration rotates (even specifically
to each partial), and it is in particular the fretboard-normal share of the vibration that is
clipped by bounce-processes. The fretboard-parallel vibration-mode is a kind of energystorage that only slowly feeds its vibration energy to the fretboard-normal vibration. The latter
(being important for the pickup signal) can therefore repeatedly generate further string/fret
contacts. Note that in the model calculation shown in Fig. 7.142 only one plane of vibration
was considered.
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Fig. 7.142: String displacement at various points in time. Parameters as in Fig. 7.141.
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Fig. 7.143 shows how big the spectral differences between strongly and lightly plucked
strings can be: in the left column we see, during the first milliseconds, the attack-spectrum
already known from Fig. 7.136 (red envelope, interference gaps dependent on the pickup
position); it transitions into the decay spectrum (blue envelope). In the column on the right, a
sinc-shaped envelope cannot form at the beginning due to the string/fret contact supplying
additional impulses. Only later, an influence of the pickup position establishes itself as an
outline, while the plucking-position is not evident anymore at all as interference filter.

Fig. 7.143: Spectra of the pickup voltage (subjected to a window). E3 on D-string, Telecaster (cf. Fig. 7.136).
Left = lightly plucked string, right = strongly plucked string. Level-normalized representation.
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An entirely different vibration happens if the string is not plucked pressing down, but is lifted
and then released. This plucking technique is found especially with guitarists playing fingerstyle (i.e. without a pick) – but even with a pick, an at least similar behavior can be achieved.
Fig. 7.145 shows snapshots for a string pulled up far enough so that it bounces on the frets
after its release. In this example, first contact happens at the last (highest) fret, followed by a
series of contacts running along the fretboard towards the lower frets. Then (Graph #7), the
string looses contact only to touch all frets in quick succession (Graphs #13 – 14). Or at least
almost all frets – in details this of course again depends on minute differences in the heights
of the frets.
Fig. 7.146 once more compares contact-measurements with model calculations. Considering
the complexity of the matter, the correspondence is very good at the start – as they progress
along the time-axis, the two representations differ more considerably. This is because
dispersion was not modeled, because the polarization was only calculated for one plane (and
not circularly), and because the fret-heights were idealized in the model (in the investigated
Telecaster specimen, the fret were already slightly worn).
Fig. 7.147 indicates that string/fret contact is not necessarily limited to the attack-phase. In
this example, the string repeatedly bounces off the 3rd fret – however this happens so lightly
that no annoying buzz but merely slight brightening of the sound (a mixing-in of treble)
occurs.
We see from Fig. 7.144 how strongly even tiny differences in the height of the frets can make
themselves heard. Here, we first calculated the string velocity over the pickups using the nonlinear string model, and then derived the spectrum from it. This was done for two different
fret-boards on which the 18th fret differed in height by 0.2 mm.

Fig. 7.144: Calculated spectra of the D-string bouncing off the frets. The only difference between the two graphs
is that the height of the 18th fret differs by 0.2 mm.

These results give an indication of what can happen when comparison tests are run by a
magazine checking out the “holy grail” – i.e. if, for example, a original 1950’s Les Paul is
compared to a more recent reproduction. Of course, the frets of the priceless♣ vintage guitar
are worn, maybe so strongly that it causes the celebrating tester to grimace a lot, and of course
the trained ear will hear all kinds of differences. Too bad: as soon as this “grail” is put in a
playable condition, its $-value takes a nosedive. Thus do note: on every grail rests a curse of
some kind.

♣

Not to be taken all that literally: that’s from about € 200.000; quite nicely done fakes may be acquired.
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Fig. 7.145: String displacement at various points in time. Parameters as in Fig. 7.141.
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Fig. 7.146: Bounce chart. Telecaster, D-string fretted at the 2nd fret, pulled up at 12 cm from the bridge and
released. Top: measurement, middle and bottom: model calculations. Dots = string/fret contacts.
For simulation 2 (bottom), the bridge was raised by 0,3 mm relative to the setting for simulation 1.

Fig. 7.147: D-string fretted at the 2nd fret: even after 0.5 s there are string/fret-contacts
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In a nutshell, we have the following situation (for further elaborations see Chapter 7.12.3):
In electric guitars with heavy strings and a high action, string/fret contacts (other than the
actual fretting action) are rather rare, the low partials can develop nicely, and the electric
sound is quite full. The string vibration can approximately be modeled in a linear fashion.
Given light strings and the correspondingly connected light playing forces (Chapter 7.4.1)
each individual note may be accompanied by string/fret contacts (especially for strong
plucking), resulting in a more percussive sound with more treble. The low-frequent partials
are less distinct because they lack the required amplitude. Of course, the individual plucking
process always is essential: with brute force, it is possible to make a heavy string bounce onto
the frets, as well, and a light string may be plucked so gently that it does not come into
contact with the frets. That’s what this statement is based on: it’s all in the fingers, man!
For short notes, the guitar body has next to no influence on the electric sound, and for solid
body guitars no influence is felt for longer sustained notes, either. With hollow-body
instruments, in particular two effects are found: since especially the low-frequency notes are
(acoustically) radiated better, the corresponding decay times are shorter, and for the same
reason these instrument tend to feed back more quickly.
In terms of influencing the sound, the way/style of playing comes first, and strings and
pickups are next (in high quality guitars). We then get to the mechanical characteristics of the
bridge, and then to the frets (even the higher-most, possibly “never used” ones). That the
acoustical sound radiated by an electric guitar would give “complete” testimony about the
electric sound is a fairytale – albeit one that apparently cannot be silenced. Already Leo
Fender and Les Paul fully understood that the vibration-energy needs to remain in the string
as long as at all possible – as little as possible should be transferred into the body. Any
acoustic sound needs to be channeled through the body (to use layman’s terms) – so the
material it is made of is relevant, but – alas! – only for the acoustic sound. The guitar body
can influence the electric sound, but only in terms of absorption. Since it seems that every
guitar player demands a sustain as long as possible, the absorption needs to be as low as
possible. In that case, however, the influence of the body wood on the electric sound has to be
as small as possible, too. Knowing that, it is not surprising that an electric guitar build from
undefined, knotty platform-wood can fill the guitar player with enthusiasm due of its sound
(G&B 7/10) … because of its electric sound, that is, of course.
7.12.3 The roots of the electric sound
Of course, the pickup voltage does not yet yield a “sound” – for that, amp and speaker are
required, and – diving into philosophy – a listener, as well. Wouldn’t it make for a great
debate to ask whether airborne vibrations that are not heard by anybody merit the term
“sound”? But that would be the realm of those physicists who – good heavens! – seek to
become a DPhil rather than a DSc, i.e. move into a world completely foreign to the Doctor of
Engineering. In short: without amplification, the electric guitar generates an acoustic sound,
amplified it generates the electric sound. Only the latter is addressed in the following, as is the
analysis and description of its origin.
Step-excitation and pick-filter
From a systems-theory point-of-view, plucking a string represents an impressed force-step –
however not one in the form of an ideal step-function but modified by the pick-filter (Chapter
1.5.2). Due to mode-coupling in the bearings (bridge, frets) and magnetic pull-forces, the
string vibration does not remain in one plane but starts a wobbling motion in space (circular
© M. Zollner 2010
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polarization, Chapter 7.7.4). Using angle of pick-attack, plucking-strength and -direction, and
via further finger/string contacts, the guitarist shapes the electric sound to a significant degree.
String vibration
Starting from the plucking location, transversal waves and dilatational waves run in both
directions. They are reflected at the bearings and (approximately) result in standing waves.
Dilatational waves that propagate dispersion-free are of lesser significance but they may lead
to frequency-selective absorption losses (Chapter 7.7.4.2). Transversal waves (the important
wave-type) propagate with dispersion; their propagation velocity increases towards higher
frequencies, leading to an inharmonic spreading of the line spectrum (Chapter 1.3). This
inharmonicity (dependent on the string diameter) is quite desirable: it livens up the tone,
especially in case of non-linear distortion in the amplification chain (difference tones, see
Chapter 10.8.5).
String material
The (manufacturer-specific) relation of core- and winding-thread (Chapter 1.2) is – right
behind the overall diameter – the other important parameter influencing the inharmonicity of
the partials. A further influential factor could be how tightly the outer thread is wound onto
the core; but compared to ageing processes (skin oils, corrosion), it takes a backseat.
Plucking (picking) position
The plucking-position separates the string into two sections, the length-ratio of which
determines the zeros of the plucking-interference-filter. The closer the plucking happens to
the bridge, the further apart the filter-zeros are, and the harder and more trebly the sound gets
(Chapter 2.8). The plucking-interference-filter operates with an individual characteristic for
each string and cannot be simulated with a simple effects device.
Pickup position
Just like the plucking-interference-filter, the pickup-interference-filter is a comb-filter; its
zeros are, however, determined by the pickup position and not by the plucking position
(Chapter 2.8). For the single-coil pickup, one comb-filter is active, for a humbucker there are
two. If there is a difference between the two humbucker-circuits, further degrees of freedom
in the signal filtering result. Again, the pickup-interference-filter acts string-specific, and its
effect is dependent on the fretted pitch.
Magnetic aperture, non-linearity
The aperture-filter is a string-specific low-pass (Chapter 5.4.4) that is defined by the width of
the magnetic window. Decreasing the distance between magnet and string, and increasing the
magnetic strength increases the cutoff frequency. The filter is string-specific. For strong
picking attack, the magneto-electric transfer (Chapter 5.8) based on the law of induction
shows a non-linearity that should not be neglected. This non-linearity is string-specific and
therefore must not be mixed up with amplifier distortion.
Pickup directionality
If a pole-piece of a pickup is positioned exactly underneath the string, the pickup will sample
almost exclusively the fretboard-normal string-vibration (Chapter 5.11). This implies that
pickups offset to the side will to some extent tap into the fretboard-parallel vibration, as well
– this may be of significance for fret-bounce processes (Chapter 7.12.2)

Translated by Tilmann Zwicker

© M. Zollner 2010

7.12 Vibration – Sound – Tone

7-163

String damping
The string vibration is dampened by several mechanisms (Chapter 7.7); it is in particular the
internal damping, and the damping at the bearings, that stand in the way of “endless sustain”.
The internal damping is generated by micro-friction as the string is deformed; for wound
strings, the damping occurring between core-wire and winding may be included here, too.
Also, already minor residue from skin or talcum in the winding leads to dramatic reduction of
the decay time (Chapter 7.7.6). The damping due to bearings happens at the bridge and at the
frets (or at the nut) because a small part of the vibration energy is not reflected but drains into
the bearings. This is the only mechanism with which the guitar body can have any influence
on the electric sound at all♣, but because this damping effect is supposed to be as small as
possible in order to support long sustain, the influence of the body is very small. In particular
in solid-body guitars, the body inflicts little absorption. The bridge – located between string
and guitar body – may exert a comparably larger influence on the string vibration.
Neck, action, frets
Forceful picking and/or low action will have the effect that the string often bounces off the
frets (Chapter 7.12.2). The percussive sound caused by this depends largely on the height of
the individual fret – and the “never touched” uppermost frets are relevant here, as well.
Therefore, if a musician notices the sound of a guitar changing over time, this is not because –
as Neil Young opines in G&B 12/05 – every played note somehow stays in the guitar , but
very probably because of fret-wear . Which would also explain why that vintage guitar
acquired for a 5-number sum does suddenly not sound “vintage” anymore at all after the
urgently required re-fretting job has been performed.
Finger- and hand-damping
As soon as the fretting hand touches the guitar neck, it acts as an absorber and potentially
reduces sustain, and a similar effect is caused by the finger pressing the string against the fret.
We may find pertinent frequency-dependencies with open-played, brand-new strings –
however, these dependencies quickly loose their significance after having played for half an
hour, and when analyzing not only open strings.
Pickup transmission
The transfer-function of a magnetic pickup is predominantly determined by the inductance of
the winding, and the capacitance of the cable (Chapter 5). Together, the two form a low-pass
the cutoff frequency of which may lie below 2 kHz, or above 5 kHz – thus, the pickup plays a
decisive role for the electric sound. The transmission coefficient that may easily vary by
+300% contributes significantly to the sound in case the input stage of the amplifier is
overdriven. Consequently, there can be no serious statement along the lines that the pickup
would just add a few “nuances” to the “sound of the wood”. Apart from the LC-lowpass, the
pickup may contain further frequency-determining components, such as metal sheets causing
dampening of eddy-currents, or guides for the magnetic field that result in a spatially more
spread-out sampling of the string vibration. In humbuckers, inductive and capacitive coupling
processes may cause complex filtering. The parameters of pickups of seemingly the same
build can have considerable scatter: in particular in old pickups, the number of turns in the
winding, the thickness of wire and varnish, the magnet material, and the fittings can vary
strongly, and even magnets mounted the wrong way ‘round may occur. Moreover, old
pickups may have shorts in the winding, and therefore there is not “the” Strat-pickup, nor is
there “the” 1958-Strat-pickup.
♣

Regarding body- and neck-resonances, see Chapter 7.7.4.4.
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Electrical circuit in the guitar
The electrical components (potentiometers, capacitors, possibly also coils) included in the
guitar form an electrical network the filtering effect of which may be described without much
effort. The “holy aura” attributed to old components can scientifically not be substantiated,
and in particular horrendous markups are not justifiable, even if corresponding myths are
eagerly celebrated by some failed HiFi-authors. On the other hand, the coaxial cable
connected to the pickup may spring a surprise due to a possible peculiar, humidity-dependent
capacitance. Also: amplifier, loudspeaker and room must not be forgotten (Chapter 10 & 11).
The insignificant
Of course, given the right equipment and putting in many hours of effort, even minute
changes in the decay behavior can be measured, e.g. when machine heads (tuners) are
exchanged. The same may be possible if varnish is stripped off the guitar body, or if it is
replaced by another type of varnish. However, all these changes are so tiny compared to the
variations effected by the fretting hand that they simply bear no significance whatsoever.
Kaput: the broken, busted, worn out and dead
And then there are of course all those more or less broken, in fact unplayable guitars that
“feature” unacceptably uneven frets, loose necks, rattling truss rods, pickups with shorts in the
winding, scratching pots, bridges that shift from one rest-position to another at the slightest
touch, or a “custom job” done by Mr. Knowitall. May the Eternal Shredder graciously accept
their souls ….
You others, though, who in your hands an unbroken guitar you hold:
Do search not for new gimmicks, but to play learn – everything else come to you it will.

7.12.4 There’s nothing there, or is there??
That we tried, in this chapter, to trace the tiniest measurement artifact, and to capture
conductances with, if possible, no less than 80 dB dynamic range – that does not imply that
all the little peaks we could eventually measure are at all audible. Just as the executive
authority needs to be separated from the judiciary authority, we need to distinguish
psychoacoustics from instrumentation when doing an analysis of sound. The better the
analytics, the safer it is to attribute a measured effect to the object to be measured, rather than
running the danger that the measurement device fooled us. Indeed, it is a great result, as well,
if a bridge conductance measured with much effort proves to be so small that its irrelevance is
now safely established. And even if an audible effect shows up: not every difference in sound
points to the source of the purportedly never-again-reproducible vintage-tone (whatever that
may be) … not every fart renders the planet inhospitable.
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7.13 Neck Curvature (relief) and Fret Height
The stronger a string is plucked, the more easily it can bounce onto the frets (those other than
the fingered fret, Chapter 7.12.2) – the exact position of these “other” frets is therefore a
decisive factor in the sound. On the unstressed guitar neck, all frets will have the same
height; however, the string tension bends the neck and changes the distances between the frets
and the string. According to the manufacturers, a slightly concave neck curvature is ideal;
Fender recommends 0.25 mm clear width at the 8th fret, with the E2-string pressed down
simultaneously onto the 1st and last frets. Lemme allows for 0.3 – 0,5 mm, and Gibson
proposes a different procedure: press down the string on the 12th fret and measure the clear
width at the 7th fret – it should not read more than 0.4 mm. Ovation, on the other hand,
reckons that the E2-string should be pressed down at the 1st and the 13th fret, and the clear
width at the 5th fret should read 0.13 – 0.38 mm. All these procedures merely allow the global
neck curvature (also called neck relief) to be measured – the individual fret height cannot be
checked this way. The latter is, however, of course just as important: if the 9th fret protrudes
as little as 0.1 mm, the string fretted at the 8th fret does not sound right.
The neck relief depends on the solidity of the neck and the load forces acting on it: the string
pull, and the counteractive force exerted by the truss rod. As the simplest model for an
analytical description of a concave neck shape, mathematics offers us the 2nd-order parabola
(Fig. 7.148). For the graphs, the height of the first and the last frets was defined as equal; on
the left, three different neck curvatures are shown. However, a 2nd-order parabola can only
serve to realize even (axially symmetric) functions – a scenario that cannot generally be
expected for a guitar neck with a tapering cross-section. Help is on the way in the form of a
3rd-order parabola (right-hand graph); it can represent skewed curvatures, as well. To which
extent a guitar neck shows a skewed curvature depends on the progression of the cross-section
of the neck, and on the truss-rod. The progression of the cross-section therefore does not only
influence how the neck “feels” but also how and where the strings bounce onto the frets.

Fig. 7.148: Neck relief; 2nd-order parabola (left), 3rd-order parabola (right).

The graph as shown in Fig. 7.148 offers a good view of the neck curvature, but the relation to
the string is still missing. If the latter is not fingered, it is supported by nut and bridge. The
curvature is adjusted via the truss rod, and the so-called “action” (the distance between neck
and string) is adjusted via the bridge height. As a benchmark, we find the general
recommendation to adjust the action to about 1.5 – 2.5 mm at the last fret. This distance is
difficult to measure with a ruler; it is more conducive to use a set of drills with a 1/10-mmgradation between them. The drill-shank is pushed between string and last fret, and a check
which drill fits just shy of lifting the string reveals the action.
© M. Zollner 2010
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Fig. 7.149: Two different fret heights relative to the string (“Saite”);
2nd-order parabola (–––) / 3rd-order parabola (----).

Fig. 7.149 shows two differently curved necks and the string above them (dotted line). The
width of the graph corresponds to the scale (about 65 cm) i.e. it covers a multiple of the height
of the graph: the curvature therefore is strongly exaggerated. There is no “optimum” neck
relief, but we frequently read that a convex curvature is not conducive, and too strong a
concave one is not, either. Theoretical essays about the optimum neck relief most often
assume sinusoidal string movements (often even with a fret-independent displacementamplitude), and fail to consider the (in fact rather complicated) real shape of the stringoscillation. Generally, sections of shallow incline tend to be unfavorable, and therefore each
of the (established) neck-profiles includes advantageous and disadvantageous sections. In the
end, the choice is a matter of taste.
Contrary to the global neck curvature, the differential fret-height has to satisfy objective
criteria: the height of each fret needs to precision-fit within a few hundredths of a millimeter
relative to a regression curve (representing the average curve)! This precision can, however,
not be achieved if the frets are simply hammered into the neck – further dressing (sanding) of
the frets is mandatory. On the following pages, measurements are depicted that were taken on
a measurement table using a dial gauge. Control measurements with a straightedge showed a
measurement error of about 1/100th of a mm – accurate enough for such measurements.
All measurements were taken between the D-string and the G-string with the guitar laid on
the measurement table; the guitar body was (horizontally) pressed down onto the table. The
neck was not supported. The electric guitars were strung with a 009 – 046 string set (Ernie
Ball) and tuned to 440 Hz (regular tuning). The setup for the acoustic guitars included a 012string-set and also regular tuning. The graphs need to be seen as showing a randomly picked
sample; they are not necessarily typical for the respective type of guitar. Still, we can obtain
from this reference values about common curvatures and errors in the individual frets.
The USA-Standard-Stratocaster had been played little; it still featured the original frets.
The small warping at the 7th fret is found between the E-and the A-string, as well – it is
therefore not due to wear. The four graphs represent four adjustments of the truss-rod. The
Yamaha was brand new.
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The neck of the Jazzmaster (built in 1962) had been re-fretted once (ca. 1969); the guitar had
been rarely played afterwards. The truss-rod was slackened, and with the 009 – 046 stringset, no sizeable neck-curvature could be adjusted. When the guitar was built, a 012-string-set
was still standard. Note should be taken of the position of the apex: it was not found in the
middle of the neck (like in the other Fender necks) but around the 6th fret.
The Squier Super-Sonic is worn; its fretboard would need a dressing. The 100-Euro-Squier
is new and shows that an acceptable neck can be realized at very low cost (the loathsome
machine-heads being a different matter).
The Gibson Les Paul still has its original frets and (hopefully) a long life ahead. The ES-335
(built in 1968) received a new fret-job sometime and was played little afterwards.
The Duesenberg Starplayer TV is new; its frets were dressed on a CNC-sander. They are
perfect.
The Gretsch Tennessean (built around 1964) has seen a lot of action; it shares its fate with
the above Jazzmaster of similar vintage: the truss-rod is fully slackened (lower curve). The
guitar has presumable been re-fretted at some point – that job was done with poor quality.
The Ovation Viper EA-68 already stood out in Fig. 7.7; it does not ignite much enthusiasm
regarding the height of the (practically untouched) frets, either. The SMT, on the other hand,
had received a makeover by the distributor of Ovation, and is perfect within the framework of
the type-specific neck-shape. This guitar is not likely to be played very often on the highest
frets.
The Collings is of Texan nobility and under no circumstance wants to be confused with a
Collins. It (the Collings) is perfect – as is its price.
More than double the cost of the Collings (and still almost brand new) is the blue PersonalTaylor, with its 13th fret marching to a different drummer (no wonder given the number). So
what – you won’t want to press down 12 strings up there anyway. In Fig. 7.7, this was the
landmark guitar.
The almost new Martin D-45V affords itself a swerve at the 16th fret – that is certainly not
the result of excessive use. At the given price, something like that should not occur … but it
doesn’t really get in the way, either.
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Fig. 7.150a: Fret-heights of various guitars.
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Fig. 7.150b: Fret-heights of various guitars.
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7.14 Vibration-undamping
Does the sound of an electric guitar improve if it is subjected to loud music for a day?
Apparently so: more than a few people use this process to shorten an extended “playing-in”
process. Others send their guitar off to Emil Weiss (G&B 12/08), who subjects it to a high
vibration load (not without charging 770 €) – and voilà: the body can resonate much more
freely. The basis of this shaking of guitars is a process that Gerhard A. von Reumont had
patented in 1980 (German patent no. 27 12 268): Process and apparatus for improving the
resonant behavior of resonance bodies in musical instruments. Mr. Weiss does not really
explain in detail what he does to the guitars, and he does not mention Mr. von Reumont as the
originator, either. However, the pictures published in G&B do have a striking resemblance to
those in von Reumont’s book [ISBN 3-87710-173-9]. The latter does cite a publication coauthored by E. Weiss and A. von Reumont – thus it’s probably the same process. The
underlying patent for the process “has by now expired”, as von Reumont states in his book
published in 1996. Correct: the patent office confirms that the protection became void in 1984
due to lack of payment of the fees. Which is by no means an indicator for bankruptcy but
could have been connected to the annually rising patent fees.
Von Reumont writes that the transfer of the string vibration to radiated airborne sound is
improved by the vibration-undamping – he does not mention electric guitars or basses. His
investigations relate to upright bass, cello, acoustic guitar and piano, i.e. instruments the
efficiency of which depends on resonances of the instrument body. We learn that wood would
be strongly deformed during the construction of the respective instrument, and that this
deformation hampers free vibration. "The effect of the vibration-undamping is based on
relaxation processes caused by frequently repeated over-stressing." The over-stressing is
taken care of by an electric motor fitted with a heavy spot (i.e. artificially unbalanced) and
mounted to the bridge of the instrument such that the latter is given a good shake for hours on
end. Does that actually work? Apparently so – the evaluation by musicians was “entirely
positive”. Given such overwhelming evidence we certainly can grant, for once, an advance in
terms of trust – but we still kindly ask for some quantitative data. These are found, as well:
e.g. for an acoustic guitar, "14.5% decrease in damping at 85 Hz" are noted. The damping,
that’s the resistive component in a resonating system – in textbooks we also find the damping
constant, or the degree of damping, or the damping coefficient; mechanical engineers have
created different terms, and on top of them the electrical engineers, as well, and the physicists,
too … it’s almost a little Tower of Babel. For the term damping, the Schalltechnisches
Taschenbuch (Pocketbook of Sound Engineering) references “irreversible processes that
transform part of the motion energy into heat (-losses)”. That is not something you want in a
musical instrument, and therefore the damping is reduced via vibration – by exactly 14.5% for
the example mentioned above. How does one measure this value with such accuracy? By
measuring the power consumed by the electric motor, advises von Reumont – before and after
the treatment. If, after a 2-hour shake, the power consumption falls by 14.5%, the instrument
has been un-dampened by 14.5% (at this frequency). Good riddance, then? Not quite, there is
some truth in this – a tiny truth, but still …
Electric motors are electro-mechanic transducers that transform electrical energy into
mechanical energy. Not exclusively, because heat also is generated – but mainly it is
mechanical energy. The latter is needed to overcome friction in bearings, swirl the
surrounding air, or – if there is a load – to create torque at a connected shaft. All these
mechanical energies do not appear out of thin air but are drawn from an electrical source
(battery or mains power supply), and thus the following holds: if the mechanical load
changes, so does concurrently the electrical power consumption.
Translated by Tilmann Zwicker
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From this energy balance, von Reumont derives the assumption that the reduction of power
consumption of the electric motor observed over hours can only be due to the decrease of the
power drain, and that this can only be due to the reduction of the damping in the instrument
material. So, if the power consumption falls by 14.5%, the damping in the instrument must
also have reduced by just this 14.5%. Enter: the devil’s advocate.
1) The power consumption also depends on the resistance of the motor winding (copper wire);
this resistance changes as the motor heats up – by +5% for a temperature rise of a mere 13°C.
2) The friction losses in the motor bearing are temperature-dependent, as well, and anyway
also dependent on wear – given the unbalanced loading not an unimportant aspect. Von
Reumont reports frequent motor changes, and service lives of only 150 hours.
3) Suppose the mechanical power does actually decrease by 14.5% – why would then only the
undesirable losses (the damping) have dropped? It could also be that the desirable power – the
radiated sound-power – has decreased, couldn’t it?
To prove the effectiveness of his process, von Reumont cites an investigation by the PTB
(Physikalisch Technische Bundesanstalt – a governmental technical/physical authority in
Germany), in which an upright bass was analyzed before and after treatment. Result: in
several narrow frequency bands, there is a rise in level by about 3 dB, and at 2.5 kHz it’s even
5 dB. Unfortunately, the PTB does not measure the power fed to the bass, but merely operates
the LDS-shaker from a constant voltage source. That is too bad: in 1978, the Type 8001
impedance head by B&K had been on the market for years – it would have been a hassle-free
measurement. Still: there’s more output – now officially confirmed.
Because of the extremely strong vibrations remove the tensions dwelling within the
instrument, “the wood now sounds as if it had been seasoned for a long time.” Whether the
bridge has been slightly moved as the eccentric tappet was mounted, and whether the sound
post within the instrument has shifted a bit – no, that is unfortunately not checked. But let us
by all means insinuate that there are indeed changes of some kind in the wood. Five hundred
enthusiastic musicians can’t be wrong. Also, the errors that von Reumont made in terms of
the physical magnitudes are not the end of the world: on a global scale they are more a
petitesse (3 dB does not indicate doubling of the SPL, and energy is not current x voltage, and
Watt is not the unit for energy, either).
However, measurement accuracy (or rater in-accuracy) occurring in his setup requires a
close look. After all, we do learn in the basic course for instrumentation: if a result is given
with three digits, the input quantities need to be similarly accurate. These input quantities are
electrical voltage and current at the motor. "The accuracy of the reading is 0.2 V for the
voltage and 10 mA for the current. This is adequate for normal treatment." The datasheet for
a treated acoustic guitar shows voltages between 0,9 and 2,8 V, and currents between 480 and
1180 mA. Specifically: at 85 Hz the voltage decreases according to the measurement log
(after 120 min) from 1,6 to 1,5 V; the current increases from 860 to 780 mA. Ergo: 14,5%
power decrease, and thus 14.5% un-damping. However, unfortunately there is also a
measuring error range of 14.7% – which puts things a bit into perspective. Von Reumont
repeatedly notes that his instrumentation equipment is of hobbyist-grade. In itself a laudable
approach: every well-versed hobbyist should be put in the position to assemble an undamping setup. Even a source for the motors is given (at volume less than 1 Deutschmark),
and the schematic for the power supply is included, as well. If the motor does not run
smoothly, you reverse it, or give it a quick spin at high revs, if necessary.
© M. Zollner 2010
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7. Neck and body of the guitar

The clutch is constituted by a valve rubber (no, that hopefully will not have a damping
effect…), and if worse comes to worst, the motor is exchanged. And then you carry on
measuring, don’t you?
The data for the following graphs were taken from the tables published by von Reumont. For
the guitar, we find a vibration-undamping of 5,1% at 10600 min-1 (= 177 Hz). However, given
the established measurement tolerance, an un-damping of 24% could have been explained just
as well, or … no effect at all.

Fig. 7.151: Un-damping measured by von Reumont on an acoustic guitar (left) and a cello (right). Dashed line:
corresponding maximum measurement tolerance established according to von Reumont.

As we enter the world of chance and coincidence, we of course also have to also concede that
the biggest possible measurement error will not happen for every measurement. Indeed, for
larger instruments and the corresponding higher motor voltages, the reading tolerances
suddenly drop to the extent that a viable significance appears: yes, the power consumption
does drop over time, for whatever reason. Weren’t there actually not any more precise
voltmeters available back then (around 1989)? There were, but on the digital display, “the
numbers were passing through so quickly that a readout could barely be taken, or even not at
all.” That is because the motor shaft wobbles a bit, and the passing resistance of the carbon
brushes is not time-invariant, either. And yes, here’s another fact: the power consumption will
also depend on the latter issue. And on the damping-losses of the bridge adapter made from
small boards (with sticky velvet-foils). And on the foam material clamped below the strings.
True: it is not easy to convince a skeptic. It seems it is easier to convince the upright-bass
players, “since they are rarely happy with their instruments.” And who knows, maybe the
advertised un-damping process does work, after all♣.
For hollow-bodied instruments, that is – the wallings of which need to vibrate! Given that,
why does Mr. Weiss include, in his reference list, Stratocasters vibrated by unbalanced
electric motors? … Strats, the bodies of which are not supposed to vibrate at all (as noted by
the wise Mr. Fender – and, for once, here he is correct). Only heaven knows … where, by the
way, L.F. is assumed to reside according to popular belief. Santo subito – for believers. For
astronomers, though: L.F.’s accommodation may be in the Leonids, rather.
Bottom line for the electric guitar: much noisy ado about nothing? Wrong: it will set you back
€ 770.-

♣

Once you’ve shelled out 770 Euro ...
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