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Although it can be transformed by various electronic devices, the sound of the solid body electric

guitar originates from, and is strongly linked with, the string vibration. The coupling of the string

with the guitar alters its vibration and can lead to decay time inhomogeneities. This paper imple-

ments and justifies a framework for the study of decay times of electric guitar tones. Two damping

mechanisms are theoretically and experimentally identified: the string intrinsic damping and the

damping due to mechanical coupling with the neck of the guitar. The electromagnetic pickup is

shown to not provide any additional damping to the string. The pickup is also shown to be far more

sensitive to the out-of-plane polarization of the string. Finally, an accurate prediction of the decay

time of electric guitar tones is made possible, whose only requirements are the knowledge of the

isolated string dampings and the out-of-plane conductance at the neck of the guitar. This prediction

can be of great help for instrument makers and manufacturers.
VC 2014 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4871360]
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I. INTRODUCTION

The solid body electric guitar is an electric guitar with-

out soundbox in order to avoid acoustic feedback that occurs

when an amplifier is used. The soundbox is replaced by a

thick and solid wood plate. The low admittance at the bridge

provides at the same time much more sustain than hollow

body electric guitars, which have a thin soundboard. The

instrument is equipped with electromagnetic pickups, trans-

ducing mechanical string vibration into an electric signal.1,2

This signal is sent to an amplifier and the sound is radiated

by loudspeakers. In addition to the chance that has been

given to the guitar player to get heard among other instru-

ments, the electrification of the guitar has thoroughly

changed the playing techniques and musical philosophy of

guitar players.

There has been a constantly increasing number of devi-

ces transforming the signal of the pickup before getting into

the amplifier, so that the effect processing chain itself has

become a real instrument. Acoustical studies about the elec-

tric guitar have been, so far, mainly focused on this effect

chain, from pickup3,5,6 to amplifier7,8 through effect process-

ing devices,9,10 often aiming at doing sound synthesis,11

post-processing on the output signal of the pickup,12 or anal-

ysis of music and technology.13,14

The pickup and the electric chain are, of course, essential

for the sound of the electric guitar, but the pre-transduction

mechanical phenomena also contribute to the sound. The

string is coupled at both its ends to other vibrating systems.

Mechanical coupling with these systems (fret,15–17 bridge, fin-

ger, fingerboard, nut) alters the string vibration. Gough18 stud-

ied the coupling between a string and a resonant structure in

the general case of a string instrument: If the frequencies of

the separated systems are close, the frequencies and dampings

of the coupled system might be altered. This result was con-

firmed in the case of duplex piano strings coupled by the

bridge19 and in the case of the coupling of a classical guitar

string with the soundboard.20 Similar results are found for the

harpsichord case,21 where the coupling of the string and the

soundboard changes the decay time of the string.

Despite its name, the solid body electric guitar

vibrates.22–25 Only a few studies investigated the mechanics of

the instrument in connection with its musical features.

Fleischer26,27 studied the “dead spot” phenomenon: some notes

have a much shorter decay time than their neighbors. This phe-

nomenon has been qualitatively linked with the dynamic

behavior of the guitar. At the frequency of the note, the guitar

may have a high out-of-plane conductance value at the place

where the note is played. The string vibrating energy may be

caught by the structure. The length of the note, the sustain, is

affected by the coupling. Partials may couple differently so

timbre inhomogeneities may appear. For the solid body electric

bass guitar, the global decay time is shown28 to move away

from the theoretical isolated string decay time if there are some

out-of-plane conductance peaks at string partial frequencies.

The present paper gives the experimental and theoretical

justifications for the implementation of a framework for the

study of solid body electric guitar tones’ decay. The aim of

the article is to identify which damping mechanisms are rele-

vant for the prediction of decay time, among those suggested

by various sources: intrinsic string damping, coupling with

the structure, magnetic interaction with the pickup.

Section II simplifies the complex mechanical system of

the solid body electric guitar to a string connected to a mo-

bility at one of its ends. The isolated string behavior is theo-

retically and experimentally investigated in Sec. III. The

coupling of the string with the magnetic field and the struc-

ture is the object of Sec. IV. Finally, Sec. V proposes an esti-

mation method of the global decay time only based on the

knowledge of the mechanical behavior of the structure and

the Q values of the isolated string.

a)Author to whom correspondence should be addressed. Electronic mail:

pate@lam.jussieu.fr

J. Acoust. Soc. Am. 135 (5), May 2014 VC 2014 Acoustical Society of America 30450001-4966/2014/135(5)/3045/11/$30.00

http://dx.doi.org/10.1121/1.4871360
mailto:pate@lam.jussieu.fr
http://crossmark.crossref.org/dialog/?doi=10.1121/1.4871360&domain=pdf&date_stamp=2014-05-01


II. AN ELECTRIC GUITAR MODEL

A. The guitar of the study

A handmade replica of the reference model1 Les Paul
Junior by Gibson illustrates the study. According to the

specifications of the historical model, body and neck are

made of mahogany, the fingerboard is made of rosewood,

and one single-coil P-90 pickup made by manufacturer Kent
Armstrong is mounted near the bridge. This is a copy of one

of the most popular and widespread electric guitar pickups,

originally made by manufacturer Gibson.29

The string of the electric guitar is stretched between the

bridge and the peg. The vibrating length of an open string is

from the bridge to the nut. The basic role of the left hand (of

a right-handed player) is to shorten this vibrating length in

order to produce other playing frequencies. By doing this,

the left-hand finger pushes the string against the fret. Figure

1 gives an overview of the mechanical interaction processes

between the string and the other parts of the guitar in a play-

ing context. It defines the axes that will be used in the fol-

lowing of the article: x is the axis of the string, y is parallel

to the fret (the “in-plane” direction), and z is normal to the

guitar body’s plane (“out-of-plane”). The interactions

between the strings and the other parts of the guitar alter the

vibration of the string.

B. String model

The knowledge of the bandwidth of the pickup allows

us to make some simplifications of the string model. All

notes of the guitar in the study are played successively by an

experienced player. Plucking is performed with a pick and

fingering with the left-hand middle finger. The plucking

point is at a typical distance of 12 cm from the bridge. Care

has been taken to keep the plucking (essentially along the y
axis in Fig. 1) as reproducible as possible, which is the case

for an experienced player’s gesture.30 The pole pieces of the

pickup are at a distance of 4 cm from the bridge. The output

of the pickup is recorded. From the spectrum X of the whole

recording (all notes played in a row, without any normaliza-

tion), the cumulative energy contained between 0 Hz and

each frequency is computed as

Eðf Þ ¼
ðf

0

jXð�Þj2d�: (1)

As can be seen in Fig. 2, 95% of the energy of the output sig-

nal of the guitar is below the cutoff frequency of 2.5 kHz.

This confirms Karjalainen’s12 results about the low-pass

behavior of electric guitar pickups.

A string of length L, Young’s modulus E, shear modulus

G, diameter d, moment of area I, mass per unit length qL,

and density qV is considered. This paper focuses on the 3rd

(note G3) string, but all results can be extended to the other

strings. Geometric characteristics measured on a G string

from the d’Addario EXL110 set as well as theoretical mate-

rial data are shown in Table I. Calculated data from meas-

ured and theoretical data are shown in Table II.

The unperturbed case is a string stretched between two

rigid ends with tension T. Torsional waves around the x axis

can travel with celerity ctors ¼
ffiffiffiffiffiffiffiffiffiffiffi
G=qV

p
and longitudinal

waves along the x axis can travel with celerity

ccomp ¼
ffiffiffiffiffiffiffiffiffiffiffi
E=qV

p
, so that the lowest frequency for each of

these wave types is the fundamental frequency defined as31

f tors; comp
0 ¼ 1

2L
ctors; comp: (2)

Table II shows that the values of f tors
0 and f comp

0 are above the

cutoff frequency of the pickup, so longitudinal and torsional

waves would not significantly contribute to the sound of the

guitar. Furthermore, the pickup is sensitive to the change in

the magnetic flux through its coil:4 Unless the string is

strongly inhomogeneous, such change should be very small

for longitudinal or torsional waves.

Considering bending waves, the motion ẑ of the string

along axis z in a frictionless approach is governed by31

1

c2

@2ẑ

@t2
¼ @

2ẑ

@x2
� EI

T

@4ẑ

@x4
; (3)

where c ¼
ffiffiffiffiffiffiffiffiffiffiffi
T=qL

p
is the velocity of transverse waves. Note

that everywhere in the following equations of string, the

polarization ẑ can be replaced by the polarization ŷ of

the string. Considering harmonic waves, the Eq. (3) leads to

x0; n ¼ k0; nc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

0; n

EI

T

r
; (4)

FIG. 1. Overview of the mechanical interactions between the string and the

structure of an electric guitar. The string is stretched between the bridge and

the peg. Energy flows from the string to the structure at several places:

Bridge, fret, finger, nut, peg. Transverse string vibration along y and z axes,

as well as longitudinal waves along x axis and torsional waves around x-axis

can occur (dashed lines with arrows).

FIG. 2. Cumulative energy between 0 Hz and the current frequency, com-

puted on a recording of all the notes of the guitar played in a row. Dashed-

dotted line indicates the frequency 2.5 kHz, above which less than 5% of the

total energy remains.
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where the index 0 reminds that the quantities correspond to

an isolated string, and n denotes the partial number.

Equation (4) can be written with the inharmonicity32 coeffi-

cient b ¼ EIp2=TL2:

x0; n ¼ k0; nc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2b

p
: (5)

For the 3rd string, the highest inharmonicity coefficient is

reached for the shortest vibrating length (string pressed

against 22nd fret) L ¼ 0:117 m and equals bmax ¼ 1:16

�10�3 according to Table I. The corresponding note is a F5

with fundamental frequency 698:46 Hz. Within the fre-

quency range of the study (upper limit 2:5 kHz, see Fig. 2),

this note has three overtones, leading to a maximum value of

n2bmax ¼ 32bmax ¼ 0:0104. The frequency ratio between the

flexible string frequency and the stiff string frequency is

then 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 32bmax

p
¼ 0:9948. Between a flexible and a

stiff string model, a frequency change of 0.52% occurs in the

worst case for the considered string.

Assuming then a flexible string model, Eq. (4) becomes

x0; n ¼ k0; nc: (6)

Rigid-end boundary conditions ẑð0; tÞ ¼ 0 and

ẑðL; tÞ ¼ 0 drive to the classic form of string motion:

ẑðx; tÞ ¼
XN

n¼1

a0; ncosð2pf0; ntþ /0; nÞsinðk0; nxÞ; (7)

where a0; n are the modal amplitudes, f0; n are the modal fre-

quencies, /0; n are the phases, k0; n ¼ np=L; n ¼ 1; 2;… are

the quantized wavenumbers, and N is the number of harmon-

ics within the bandwidth of interest.

Since the string is considered here as flexible, it is

assumed that no bending moment is transmitted to the string

part between the fret denoted as “fret i” in Fig. 1 and the

peg. This fret i can be considered a string end. The mechani-

cal interactions between the string and the finger, the fret i-1,

the nut, and the peg can be neglected.

Following Fleischer,26,27 the conductance is found in

Sec. IV B to be much smaller at the bridge than at the fret.

The bridge end of the string is then considered as rigid in the

following.

The interactions between the string and the structure can

be modeled by the two transverse polarizations of a flexible

string connected at one end to a mechanical 2D-mobility Y.

This mechanical model is shown in Fig. 3.

III. THE ISOLATED STRING

In order to estimate the intrinsic losses of the string, the

string is first studied separately from the guitar.

A. A model of string damping

A complete review of the damping mechanisms of an

isolated string is presented by Valette.31 The damping in mu-

sical strings being small, it can be inserted by adding an

imaginary part to the string modal frequencies:33

f0; n ! f0; n 1þ j

2Q0; n

� �
; (8)

where j is the imaginary unit and Q0; n is the modal Q factor

(or quality factor) associated with the nth partial. According

to Valette,31 Q0; n is due to several mechanisms. A part of the

Q factor is due to the friction of the string with the air:

Q�1
friction; n ¼

RL

2pqL

1

fn
; (9)

where

RL ¼ 2pgair þ 2pd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pgairqairfn

p
; (10)

where gair and qair are the air dynamic viscosity and density,

respectively.

Internal damping mechanisms also contribute to the

total Q factor. We denote VE and TE the effects of visco and

thermo-elastic phenomena, respectively:

Q�1
VE=TE; n ¼

4p2EI

T2c
ðdVE þ dTEÞf 2

n ; (11)

where dVE and dTE are the imaginary parts of the Young’s

modulus.

TABLE I. Measured and theoretical data for the G3 string. Measured data:

d, diameter; L, open string length; qL, mass per unit length. Computed data:

I ¼ pd4=64, second moment of area; c ¼
ffiffiffiffiffiffiffiffiffiffiffi
T=qL

p
, velocity of transverse

waves; T, tension. Theoretical data: E, Young’s modulus of steel; G, shear

modulus of steel.

d (m) I (m4) L (m) qL (kg m�1)

4.32 � 10�4 1.71 � 10�15 0.629 1.1 � 10�3

c (m s�1) T (N) E (Pa) G (Pa)

246.43 69.43 2 � 1011 8.08 � 1010

TABLE II. Data computed from the G3 string characteristics. f0, f tors
0 ; and

f comp
0 are the fundamental frequencies for respectively transverse, torsional,

and longitudinal vibration.

f0 (Hz) f tors
0 ; (Hz) f comp

0 (Hz)

196 2558 4125

FIG. 3. Scheme of the fully simplified coupled system standing for the solid

body electric guitar: a string moving in two orthogonal polarizations con-

nected to a 2D-mobility Y.
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Another damping mechanism occurs in wound strings,

associated with dry friction between two successive turns of

wire. It comes out as a delay between the slope @ẑ=@x and

the shear force Tð@ẑ=@xÞ in the string, hence the effect is the

same as that of a complex tension Tð1þ jdWÞ.
The last damping mechanism is due to the dislocation

phenomenon. It was shown34 to be well described by a factor

Qdisl, which is constant over the audio frequency range.

Finally, the damping of the nth string partial of the iso-

lated string is

Q�1
0; n ¼ Q�1

VE=TE; n þ Q�1
friction; n þ Q�1

disl: (12)

For a wound string, the term Q�1
W ¼ dW should be added to

Eq. (12). Experimental values of the Q factor are estimated

in Sec. III D with the method described in Sec. III C.

B. Experimental protocol

A heavy, rigid, and damped measurement frame35,36 is

used to guarantee rigid-end conditions to the string, so that

the string is considered to be isolated. Two optical sensors37

are used to record each transverse polarization of the string

vibration: As the string vibrates between the optical emitter

and receiver, it periodically and gradually cuts off the optical

beam. Before each measurement, string rest position and op-

tical beam are carefully set up in such a way that the whole

motion of the string remains in the linear part of the charac-

teristic function of the optical sensor.

The G3 string is first set and tuned to its nominal open

string length and fundamental frequency according to Table

I. The length of the string is then shortened step by step to

the vibrating lengths corresponding to all the bridge-fret dis-

tances. Tension, vibrating lengths, and playing frequencies

are the same as if the string was mounted on a guitar.

For each string length, the optical sensors and the end of

the string are at a distance of 4 cm, because it is the distance

between the bridge and the pickup’s pole pieces on the guitar

of the study. For each length, the string is excited 8 times with

the wire-breaking20 method. The excitation angle between

axes y and z is 45� in order to excite both polarizations identi-

cally. The end of the string and the excitation point are at a

typical playing distance of 12 cm. Figure 4 shows the experi-

mental setup for the study of the isolated string.

C. Signal model

The modal Q factors of Eq. (8) can be inserted in the

complex form of Eq. (7). The string vibration measurements

are made at a particular place x ¼ xmeas, so that the spatial

term sinðk0; nxmeasÞ of Eq. (7) is a constant and can be included

in the modal amplitudes. The signal model then writes

xðtÞ ¼
XN

n¼1

ancosð2pfntþ /nÞeð�pfn=QnÞt: (13)

Note that the index 0 is omitted because this model is applied

for the isolated as well as the coupled string. This signal

model is known as exponential sinusoid model (ESM). A nat-

ural choice of analysis method for such signals is the ESPRIT

method.38 This method accurately39 identifies the modal

amplitudes an, frequencies fn, phases /n, and Q factors

Qn.39,40 Furthermore the ESPRIT method overcomes the

Fourier resolution, making possible the study of coupled sys-

tems with very close frequencies.39 This is an expected feature

of the string signals when dealing with the two polarizations.

The method proposed by Le Carrou39 is applied here to

the string signals, for the purpose of accuracy. The analysis

is carried out where the exponential decay assumption is

valid: Because the focus of this paper is the notes’ decay, the

attack part of the notes are not considered, although it con-

tributes a lot to the tone quality of electric guitars. In order

for the ESPRIT algorithm not to be disturbed by the transient

components, the portion of the signal that is analyzed starts

2–3 s after the onset time. A duration of 1–2 s for the ana-

lyzed signal portion is enough to get accurate results and to

avoid a lower signal-to-noise ratio at the end of the vibration.

The corresponding spectrum is shifted so that it is centered

around the frequency of interest. A very high Q factor low-

pass filter is then applied to the signal, in order to let the

algorithm focus on this very frequency. A high decimation

factor allows then a strong reduction of the computational

time without loss of information. The ESPRIT method is

applied to the resulting signal. The implementation of the

ESPRIT method itself is explained in a very comprehensive

way in recent papers39,40 dealing with closely related topics.

D. Results

The ESPRIT method is applied to the output signals of

the optical sensors. This section gives the results for the iso-

lated string, at vibrating lengths corresponding to the vibrating

lengths defined by the successive frets when the string is

mounted on the guitar. The measurement frame is known34 to

be symmetric. This is confirmed by the fact that the results are

similar for both polarizations. Only one polarization is

FIG. 4. Sketch of the measurement setup for the isolated string. The string is

stretched between two heavy supports at playing tension and length. Two

optical sensors measure each transverse (y and z) polarization. The string is

excited with the wire-breaking method. Clamps firmly attach the string’s

heavy supports as well as the optical sensors’ supports to a heavy I-beam

filled with sand, and are not drawn here for clarity reason.
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therefore shown. For each vibrating length, Q values are iden-

tified by the method described above for every partial under

1000 Hz, since the vibratory study of Sec. IV is limited to this

frequency. For all vibrating lengths and partials within the

bandwidth, the identified Q factors are shown in Fig. 5. The

mean values as well as the expanded uncertainty of eight

measurements are shown. Expanded uncertainties (due to

measurement and the ESPRIT identification method) for the

identification of Q factors are found to be small. This proves

the repeatability of the measurement protocol. The data of

Fig. 5 is compared to the computation of the isolated string

damping model of Eq. (12). For the computation, the values

of Table I, as well as typical values,31 are used:

dVE=TE ¼ 1� 10�3, qair ¼ 1:2 kg m�3 and gair ¼ 1:8� 10�5

kg m�1 s�1. The Q factor due to dislocation is adjusted to

Qdisl ¼ 5500. Note that small differences between the model

prediction and the measurements can be observed. Indeed, the

experimental estimation of dVE;TE and Qdisl is still a challeng-

ing problem. Depending on the composition of the metal used

for the musical string, dVE;TE takes values ranging from

1�10�4 to 1�10�3. The variation range of dVE;TE as well as

the uncertainty in its measurement are quite high. However,

since in the frequency band of the study, the isolated string

damping is dominated by air friction, the uncertainty in

dVE;TE should not have a significant effect. The reasonably

assumed frequency-independent Qdisl strongly depends on the

history of the metal (cold working for example) and can take

values from 7000 to 80 000 for brass strings.34 In absence of

devoted study about Qdisl, this parameter is estimated by fit-

ting the theoretical Q-curve to experimental Q-values.

A gray line in Fig. 5 shows the isolated string damping

model computation. As can be seen, for all vibrating lengths

and partials in the frequency range, the values of the model

are always included within the experimental uncertainties,

so the data and the model match. A small but systematic

trend can be noticed in Fig. 5: lower (respectively, upper)

components seem to have a slightly lower (respectively,

higher) Q factor than predicted by the model.

However, the damping model of Eq. (12) that was

developed for harpsichord strings is still valid for the

considered electric guitar string. Note that for electric bass

guitar strings, the main damping mechanism seems to be the

internal friction28 (denoted QVE=TE here) whereas here the

electric guitar string damping is dominated by Qfriction, the

term representing the friction of the string with the air. The

isolated string behavior has been described, now its coupling

with the guitar will be studied.

IV. THE STRING AND THE GUITAR

When it is mounted on the guitar, the string can couple

with the magnetic pickup and the mechanical structure. The

two couplings are investigated in this section.

A. On the influence of the pickup

The influence of the pickup on the string vibration is

subject to debate among the luthiers community. An attract-

ing force may result from a magnetic interaction between the

pickup pole pieces and the ferromagnetic string. This may

induce an extra damping for the string. The influence of the

pickup on the string vibration is studied experimentally.

The Kent Armstrong P-90 pickup of the guitar presented

in Sec. I is used in this study. Both the pickup and the G3

string are separated from the guitar. Excitation and displace-

ment measurement methods remain the same as in Sec. III B.

The pickup is also at a distance of 4 cm from the string end.

Fifteen measurements are carried out in each of the following

cases: isolated string alone and four cases with the pickup in

the vicinity of the mechanically isolated string. Two typical

distances between the string at rest position and the corre-

sponding pole piece of the pickup are investigated: 3 and 4

mm. These distances correspond to two normal settings for an

electric guitar. For each of these distances, the pickup can be

either plugged to an actuated guitar amplifier or not plugged

at all (open-circuit). The Q factors of the fundamental fre-

quency are identified with the ESPRIT method and plotted in

Fig. 6. The recorded string polarizations are parallel and per-

pendicular to the pickup pole piece. For both polarizations of

the transverse vibration and for all configurations of string

and pickup, the Q factors take similar values, and stay in the

same uncertainty range. The extra string damping due to a

magnetic interaction with the present pickup is found to be

negligible. The following of the article will therefore only

consider the coupling of the string with the structure.

B. Coupling the string with the structure

The interactions between the string and the structure can

be described as shown in Fig. 3. Let the string end at x ¼ 0

be attached to the bridge and that at x ¼ L be connected to

the 2D-mobility Y representing the neck. Y can be written as

Y ¼ YYY YYZ

YZY YZZ

� �
; (14)

where Yij is the ij-mobility defined as the ratio in the fre-

quency domain between the velocity along the i axis and

the exciting force applied along the j axis. According to

the reciprocity principle, the non-diagonal terms YZY and

FIG. 5. Isolated G3 string: Identified Q factors for every vibrating length

(corresponding to every bridge-to-fret distance) and every partial below

1000 Hz. For each vibrating length, eight measurements are carried out. For

both frequency and Q factor, crosses (respectively, diamond, square, upward

triangle, and downward triangle) indicate the mean value, and circles indi-

cate the expanded uncertainty (95% confidence interval) for the 1st (respec-

tively, 2nd, 3rd, 4th, and 5th partial). Gray line indicate the results of the

isolated lossy string model of Eq. (12).
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YYZ are assumed to be equal. Note that the terms involving

the x axis are neglected since they interact with the

longitudinal waves in the string, which are neglected (see

Sec. II B).

A classical frequency response measurement method is

used to identify all terms of the matrix Y. They are measured

at each fret along G3 string’s axis. The specific shape of the

“wrap-around” bridge does not allow to measure in-plane

conductance with an accuracy as great as the out-of-plane

conductance. However, YYY and YZY measurements at the

bridge are shown in Fig. 7 for comparison. The impulse

force is applied by a PCB Piezotronics 086C01 impact ham-

mer while a PCB Piezotronics 352C65 accelerometer pro-

vides the acceleration signal. The mass of the accelerometer

is 2� 10�3 kg, which is small compared to the total mass

3:4 kg of the guitar. The hammer force limits the bandwidth

of the whole study to 1000 Hz. Care is taken to have the

force application point and the measurement point as close

as possible, guaranteeing a true driving-point measurement.

Only the conductance (real part of the mobility) measure-

ments are shown in Fig. 7. These measurements are carried

out on the axis of symmetry of the guitar, where no contribu-

tion of the torsional modes is expected. The mechanical cou-

pling phenomenon is just the same for the other strings,

excepted that the presence of torsional modes increases the

chance of coupling.

Figure 7 shows that the conductance at the bridge takes

values up to 1:76 �10�3 m s�1 N�1. These values are small

in comparison with the conductance values at the neck that

can reach 1:02 �10�1 m s�1 N�1 (which is in the same order

of magnitude than the bridge admittance of classical gui-

tars26). This high bridge impedance validates the assumption

of a string connected at one end only (Sec. IV B). Figure 7

also shows that the cross-mobilities YZY and YYZ are small as

well, so will be neglected. Accordingly, only the coupling

with ZZ and YY conductances will be investigated. For pur-

poses of physical interpretation, Fig. 7 gives the results of a

modal analysis associating each out-of-plane conductance

peak with a modal shape.

From the string’s point of view, the only change to the

model of Sec. III is the end condition at x ¼ L. Calculations

are detailed for a transverse polarization coupled to a generic

mobility Ŷ (Ŷ ¼ YYY or Ŷ ¼ YZZ).

The presence of a moving end can be satisfactorily

described as small perturbation to the unperturbed

wavenumbers:31

k0; n ! kn ¼
np
L
þ dn; (15)

where dn � 1. For reasons of continuity, the string admit-

tance must be equal to the structure mobility at the coupling

point x ¼ L:

ŶðL; x0; nÞ ¼ j
tan½ðnp

L þ dnÞL�
Zc

; (16)

where Zc ¼
ffiffiffiffiffiffiffiffi
qLT
p

is the characteristic impedance of the

string.

Assuming that ZcŶðL; xnÞ � 1 to ensure the reflection

of traveling waves at the end of the string, Eq. (16) leads to

the expression of kn:

kn ¼
np
L
� j

ŶðL; x0; nÞZc

L
; (17)

FIG. 6. Identified Q factors for the fun-

damental frequency of the unmounted

string, with or without pickup at its vi-

cinity. Two typical distances between

the string and the magnetic pole piece

are studied. Pickup can be either in

open-circuit or plugged into the ampli-

fier. Crosses indicate the mean value

and circles indicate the expanded

uncertainty (95% confidence interval)

of 15 measurements. (a) Polarization

parallel to the pole piece (z), (b) polar-

ization normal to the pole piece (y).

FIG. 7. (Color online) Out-of-plane (ZZ), in-plane (YY), and cross (ZY) con-

ductance along the G3 string’s axis: at every fret and at the bridge. For each

fret, circle and squares denote the string’s fundamental frequency and parti-

als respectively, for the considered bandwidth. A modal analysis allows us

to identify the modes for each out-of-plane conductance peak, above which

the corresponding mode shapes are drawn.
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with which Eq. (6), with isolated string damping of Eq. (8),

becomes

xn ¼
npc

L
1þ j

2Q0; n
� j

ŶðL; x0; nÞZc

np

" #
: (18)

The perturbed modal frequencies are the real parts of the xn,

divided by a factor 2p:

fn ¼
nc

2L
1þ n2p2

L2

EI

2T
þ Zc

np
Im½ŶðL; x0; nÞ�

� �
; (19)

while the perturbed Q factors are linked to the imaginary

part of the xn:

Q�1
n ¼ Q�1

0; n þ
c2qL

pL
Re ŶðL; xnÞ
� � 1

fn
: (20)

Depending on the polarization of interest, fn and Qn values

for z and y polarization are obtained by replacing Ŷ by YZZ

or YYY , respectively. It is checked that the imaginary part of

the mobility is small enough to induce a very minor change

in the modal frequencies. The two polarizations of the string

mounted on the guitar will then have very slightly differing

frequencies. Depending on the conductance, the two polar-

izations may significantly differ in terms of modal damping.

An illustration of the coupling described by Eq. (20) is

given with two examples. Two coincidences between string

and structure modes can be seen in Fig. 7 and magnified in

Fig. 8: ReðYYYÞ conductance takes a high value at 9th fret for

the fundamental frequency of the note which is played at this

place. The same happens to ReðYZZÞ at 12th fret for the fun-

damental frequency of the corresponding note.

In order to experimentally measure the mounted-string

Q factors for these two examples, the string is stretched at

playing tension between the bridge and the nut of the guitar.

Excitation and displacement measurement remain the same

as in Sec. III B. Measurements with a capo at 9th and 12th

frets are carried out. For both polarizations, the Q factors for

the fundamental frequency of the mounted string signals are

identified. In Fig. 9 they are compared to the corresponding

measured Q factors of the isolated string. The Q values

computed from the model of Eq. (20) with the string charac-

teristics of Table I, the measured string-alone Q values and

neck conductances are also presented in Fig. 9. As Fig. 9

shows, a good agreement between the experimentally meas-

ured Q factors and the model-computed Q factors is found.

The coupling model is found to give a good quantitative pre-

diction of the Q factors for every note. Note that the influ-

ence of the structure has only been evaluated in free

conditions (the guitar lying on straps supported by a frame).

In playing conditions, it is expected that the left hand as well

as the right arm and the stomach provide some additional

damping to the guitar modes. Such damping may lower the

conductance value at the resonance frequency. As a conse-

quence, at this very frequency string/structure coupling

effects might be slightly different and the dead spots could

be less disturbing in playing conditions.

C. The pickup and the string polarizations

The previous section dealt with the coupling of both

polarizations of the transverse string vibration. This section

investigates the behavior of the pickup toward these two

polarizations.

1. Pickup’s sensitivity to both polarizations

Jungmann5 indicates that the output signal of the mag-

netic pickup of the electric guitar is mainly made up of the

out-of-plane polarization. Horton and Moore4 included this

phenomenon in a pickup model. In order to have an experi-

mental evidence of this phenomenon for the pickup of this

study, a comparison of the pickup and optical sensors’ signals

is carried out. As in Sec. IV A, the string and the pickup are

separated from the guitar. This time, the wire-breaking

method is used for the excitation along each transverse axis

successively. For each excitation, vibrations in each polariza-

tion as well as the output of the pickup are recorded. Since the

magnetic pickup is sensitive to the velocity of the string,4 the

velocity of each polarization is computed from the optical dis-

placement measurements. Typical results from a series of

twenty measurements are shown in Fig. 10. The polarization

perpendicular to the excitation has at least a 10 times smaller

FIG. 8. Measured conductance at 9th fret (a) and 12th fret (b) along G3

string’s axis. Solid line indicates out-of-plane conductance. Dashed line

indicates in-plane conductance. The transverse gray line shows the funda-

mental frequency of the note produced on the G3 string at the corresponding

fret. For this frequency, conductance values are given in m s�1 N�1.

FIG. 9. Identified Q factor for the fundamental frequency of the note played

at 9th fret (a) and 12th fret (b) of the G3 string. Both polarizations’ results

for the mounted string are compared to the isolated string. Circles and

crosses indicate mean values and expanded uncertainty (95% confidence

interval) respectively of 15 measurements. The arrows point out the Q value

computed by the model of Eq. (20) with the isolated-string Q factors and the

conductance values.
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energy, defined as E ¼
Ðþ1

0
jxðtÞj2dt. It confirms the validity

of the wire-breaking method: One polarization gets excited a

lot more than the other, so the polarizations can be studied

separately. The 20 measurements all exhibit the same pickup

behavior: The waveshape of the pickup signal is a lot more

similar to the waveshape of the z string polarization than it is

to the y string polarization. Figure 10 tends to show that the

“preferred” string polarization with respect to the pickup

behavior is the out-of-plane one.

2. Pickup’s output signal content in playing
conditions

In order to show that the pickup is more sensitive to the

z polarization of the string vibration, the recordings of the

G3 string notes of Sec. II B are used. The plucking is typical

of a normal playing plucking, that is a combination of y and

z excitation. The ESPRIT method is expected to identify two

components in the output signal of the pickup: a high- and a

low-amplitude component corresponding to the z- and y-

polarization, respectively. Figure 11 shows the identified Q

factors for the both polarizations of the fundamental fre-

quency of every note of the G3 string. The dead spots at 9th

fret (y-polarization) and 12th fret (z-polarization) are

undoubtedly identified, and are the only dead spots along

this string, as it can be expected from Fig. 7. In Fig. 11, the

circles’ radii are proportional to the amplitude of the both

polarizations, normalized to the amplitude of the z-polariza-

tion. The series of identified components that takes a low Q-

value at 12th fret consistently has a much larger amplitude

than the series that takes a low Q-value at 9th fret. The high-

and low-amplitude components are then confirmed to be

associated with out-of-plane and in-plane string polarization,

respectively. The pickup of this study is more sensitive to

the z-polarization than to the y-polarization.

This polarization-dependent sensitivity of the pickup

tempers the unwanted nature of dead spots: an abnormal

damping for the y-polarization is likely to disturb the guita-

rist when he plays the unplugged guitar, but the y-polariza-

tion is almost not transduced by the pickup, so when the

guitar is plugged the dead spot is not heard in the amplified

sound.

FIG. 11. Identified Q values associated

with the fundamental frequency of

both string polarizations. The analyzed

signal is the output of the pickup, for

each note played on the G3 string

mounted on the guitar. Solid line is for

the out-of-plane (z) polarization and

dashed line for the in-plane (y) polar-

ization. For each fret, circles’ radii

indicate the amplitude of the polariza-

tions, normalized to the amplitude of

the z-polarization.

FIG. 10. String excited by the wire-

breaking method, isolated from the

guitar, at the vicinity of a pickup. The

pickup is set so that the pole pieces are

parallel to the z axis. For in-plane (y,

left column) and out-of-plane (z, right

column) excitation, corresponding

waveshapes of in-plane (y, upper row)

and out-of-plane (z, lower row) string

polarization recorded by the optical

sensors as well as the output of the

pickup (lower row) are plotted. String

velocity waveshapes are normalized to

the maximum value of the excitation

polarization.
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V. ACCURATE PREDICTION OF THE DECAY TIME

This section proposes a comparison between measured

and synthesized decay times. The first is computed from real

guitar signal recordings. The second is computed from syn-

thesized signals based on experimental data obtained on the

isolated string and on the structure.

On the one hand, the decay time is computed from record-

ings. Once again, the output of the pickup is recorded. The

notes of the third string are plucked with a pick by the experi-

enced player and fingered by a capo for frets 1 to 15 and by

the left-hand middle finger for frets 16 to 22. For each note, let

spickðtÞ be the output signal of the pickup, low-pass-filtered

with a cutoff frequency at 1000 Hz. The energy decay curve

(EDC) is derived with the backward integration method:41

EDCðtÞ ¼
ðT

t

s2
pickðsÞds; (21)

where T is the total length of the signal. In practice, the EDC

is computed where the exponential sinusoid model is valid,

typically from two seconds after the start of the signal to the

end of the signal. A linear regression of the EDC is com-

puted, from which the decay time T30 is calculated. This

corresponds to the time needed by the EDC to decrease by

an amount of 30 dB from its maximum level. This gives the

“experimental T30.”

On the other hand, a synthesis is computed starting from

Eq. (7). Only the z-polarization is taken into account in the

synthesis. The fn are the flexible string frequencies and are in

a harmonic relationship with a known fundamental fre-

quency. The upper limit of the bandwidth is 1000 Hz. All

components below this limit are taken into account. N
denotes the number of components in the bandwidth. The /n

are randomly generated (T30 results are very similar for

/n ¼ 0 for all n). The an are set to a theoretical value for a

string with a triangle initial displacement and a null initial

velocity.42 Denoting h the initial plucking height, xp ¼ 4 cm

the plucking point and xm ¼ 12 cm the measurement point,

the synthesized velocity signal is

ssynðtÞ ¼ Avel

XN

n¼1

sinðknxpÞsinðknxmÞsinð2pfntÞ
n

e�ðpfn=QnÞt;

(22)

where Avel ¼ �2hLc=½pxpðL� xpÞ� and Qn are the results of

Eq. (20), a combination of isolated string damping and

damping via coupling with the structure. If the measured sig-

nal spickðtÞ and the synthesized signal ssynðtÞ are normalized

to their respective maximum value, the term Avel in Eq. (22)

can be set to 1. A linear regression of Eq. (21) with ssyn

instead of spick gives the “synthesized T30.”

Figure 12 shows the experimental and synthesized T30

for each note of the G3 string. A good agreement is found

between the T30 from the pickup’s output signal and the

T30 from the synthesis. A slight difference between the two

T30 can be seen at some frets. This difference nonetheless

never exceeds 0:6 s, which is small in comparison with the

more-than-2-s gap observed between the dead spot at fret 12

and its neighbors. Note that for fret 12 the string and struc-

ture frequencies do not exactly coincide (see Fig. 8) so the

difference in boundary conditions (free conditions for the

structure investigation, playing conditions for the note re-

cording) do not affect a lot the T30. In conclusion the trends

in the experimental T30 curve shape are well identified by

the synthesis: dead spots are found and definitely predicted.

VI. CONCLUSION AND PERSPECTIVES

In this article a series of assumptions and simplifications

that are usually made for the mechanical study of the electric

guitar is checked theoretically and experimentally.

Considering only the out-of-plane polarization of the string

connected to its end on the neck’s side to an out-of-plane

mobility is shown to be a good approximation of the me-

chanical interactions in the electric guitar. This simple model

gives quantitative predictions that fit well the measurements.

The knowledge of the isolated string Q factors and the vibra-

tional behavior of the structure is sufficient to accurately

estimate the decay time of the final signal, which is the

FIG. 12. T30 for each fret of the G3

string. Gray circles indicate T30 values

computed from the synthesized signal.

Black crosses indicate T30 values

computed directly from the output sig-

nal of the pickup.
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output of the pickup. Indeed the pickup has been shown to

not have a measurable influence on the decay time.

The design of a predictive tool for dead spots and timbral

unevenness is then readily possible. Most of the information

that predicts the decay time is contained only in the isolated

string Q factors and in the conductance values on the neck.

Given an electric guitar string, isolated string Q factors are

only to be measured once. As for the conductance values of

the neck, it is a very time-consuming task to carry out all the

measurements. Finite-element modeling is an alternative to

get this whole conductance data. Provided the geometry of the

instrument, the material constants (Young’s moduli,

density,…) identified on wood samples, and a single mobility

measurement giving the modal dampings (conductance peak

heights) of the structure, all the conductance values needed

can be obtained. The use of a numerical model readjusted

with some measurements could be of great help in an indus-

trial context of solid body electric guitar manufacturing.

Results are given here for one string. The coupling of the

other strings with the guitar is described in an identical way.

A database giving the Q factors for other strings (diameters,

materials, wound, or flat string) would be extremely valuable.

It is experimentally shown that the pickup converts

mainly the out-of-plane string polarization. A pickup model

giving the transfer function between the 2D-string velocity

and the output voltage of the pickup may confirm the experi-

mental data presented here.

This paper investigated the decay part of electric guitar

tones. A precious counterpart of this study would be a focus

upon the attack part of the tones. In this study, the linear

model is valid. However, the electric guitar playing techni-

ques can sometimes lead to non-linear string vibration: the

string amplitudes resulting from tough pick strokes can

exceed the small values needed for a linear description of

the vibration. Other slight non-linear phenomena can also

result from end conditions when taking into account the

shape of the bridge and frets, or the friction between the

string and the fret. This will be the purpose of further

studies.
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