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The action of the guitar has been studied in detail in the vicinity of the Helmholiz air resonance and the
first resonance of the top plate. Measurements of the input mechanical admittance, the output sound
pressure, and their phases suggest an analogous acoustical circuit for the guitar identical with that used to
describe the action of a loudspeaker in a bass-reflex enclosure. Below the Helmholtz resonance sound
radiated from the rose and from the top plate are out of phase. As a result sound radiated from the guitar
is not enhanced by the rose. Above this resonance sound output from the rose and top plate are more

nearly in phase with a resulting enhancement of radiated sound.

PACS numbers: 43.75De

INTRODUCTION

In this study, the behavior of the guitar in the vicini-
ty of its first two resonances has been studied in de-
tail. The two resonances are the Helmholtz air reso-
nance (AQ) at about 90 Hz and the first top-plate reso-
nance (T1) at about 180 Hz. The guitar was chosen for
this study because it has one air port (the rose) and the
bridge is an integral part of the construction of the top
plate. Although more information is available on the
action of the violin, the two ff holes and the unattached
bridge would malee results more difficult to interpret
unambiguously. In investigations of the radiation from
an instrument directional patterns are also involved.
Most modes of vibration of the violin are asymmetri-
cal,! whereas, those at AQ and T1 in the guitar are
symmetrical® thereby making measurement of radiation
and its interpretation considerably easier.

Preliminary studies to record the modes of vibration
of the guitar were undertaken using powder-pattern
techniques. Measurements of the input mechanical ad-
mittance at the bridge and the radiated sound from the
guitar at the rose and at the top plate, and their phases,
were made in the range of A0 and T1. An analogous
acoustical circuit for the action of the guitar at AQ and
T1 has been inferred from measurements, In this fre-
quency range the action of the guitar can be described
in the same way as a loudspeaker (the top plate) in a
bass-reflex enclosure (the volume of the guitar, with
the rose acting as the open port). The guitar used in
these studies was a ILevin LG 17 in the white: mea-
surements of radiation were made in anechoic condi-
tions in the range 70-260 Hz.

I. METHODS AND RESULTS

A. Preliminary investigations of modes of vibration

Before undertaking detailed measurements in the
range of AO and T1 it was necessary to identify some
of the modes of vibration of the freely suspended guitar.
Measurements on another Levin LG 17 guitar using in-
terference holographic techniques served as a basis
for these preliminary measurements, Fig. 1. The
first and second top-plate modes T1 and T2 occurred
in this guitar at 148 and 236 Hz.

Three types of measurements were made.
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1. Plate-tone testing

The guitar was mounted vertically in an anechoic
room, being clamped at the neck and resting on a plas-
tic foam pad at the button. A minishaker, on which was
mounted a B&K impedance head, type 8000, was ap-
plied to the bridge at the low E string. The force of
excitation was held constant by means of the compres-
sion circuit of the B&K heterodyne analyzer, type
2010, and the guitar was vibrated as the frequency of
vibration was swept. The output SPL from the guitar
was recorded by a 1-in, B&K microphone, type 2619,
placed at 1 m from the top plate of the guitar. SPL was
measured within a bandwidth of 3 Hz about the drive
frequency. Figure 2(a) shows sound output versus fre-
quency for a constant force of excitation.

In order to locate the Helmholtz resonance of the
guitar, two tests were employed. Firstly, the rose was
covered with a dense cardboard circle sealed with ad-
hesive tape to the top plate and plate-tone testing re-
peated: the peak at 90 Hz disappeared, those at 180
and 205 Hz remained, but their frequencies changed
to 177 and 205 Hz,

Secondly, a probe microphone was inserted through
the open-rose well into the body of the guitar when the
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LEVIN LG 17

FIG. 1. Time average interference holograms of modes of
vibration of the top plate of a Levin LG 17 Guitar,
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FIG. 2. (a) Sound pressure level at 1 m for LG 17 excited at

low-E-string position on bridge. (b) Input admittance at low~
E-string position on bridge. (c) Sound pressure level at 1'm;

guitar excited at the center of the bridge. (d) Sound pressure

level in the belly of the guitar when an external loudspeaker is
swept in frequency. Top and back plates of guitar are heavily
damped. Force of excitation is constant in (a), (b), and (¢).

top and back plates of the guitar were heavily damped
by wrapping blankets around the instrument, except
near the rose. Figure 2(d) shows the response of the
guitar air volume when an external loudspeaker was
swept in frequency: the 90-Hz resonance is recognized
as the Helmholtz resonance AOQ, and the 180- and 205-
Hz resonances as due to the top plate,

2. Input impedance measurements across the taop plate

The output voltage from the impedance head which
is proportional to accelerdtion was integrated to give
a signal proportional to the velocity of the plate at the
point of excitation. This voltage is proportional to the
input mechanical admittance when the force of excita-
tion is held constant. Figure 2(b) shows the input ad-
mittance of the top plate at the bridge at the low E
string.

In order to identify the pattern of vibration of the
top plate which gives rise to the peaks of input admit-
tance at 90, 180, and 205 Hz, input admittance was
measured at these frequencies by moving the vibrator
and impedance head transversely at the bridge and
lengthwise along the center line of the guitar top plate.
Admittance measured during these traversals is shown
in Fig, 3.

The standing waves which were measured show that
the first top-plate resonance T1 occurs at 179 Hz and
- the second T2 at 205 Hz. The T1 mode is excited again
at 90 Hz, the frequency of the Helmholtz resonance.

3. Powder patterns

Powder patterns of vibrational modes were made by
vibrating the guitar over the loudspeaker. The guitar
was mounted on small foam-plastic blocks, Glitter®
was sprinkled on to the uppermost plate and the frequen-
cy of the loudspeaker adjusted to a resonance of that
plate. The blocks of foam were moved to nodal posi-
tions. Figure 4 shows powder patterns formed on top
and back plates.

The pattern recorded on the top plate at 90 Hz is
similar in shape to T1 at 180 Hz, as it should be,
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There is one important difference, however: there is
vibration of the top plate outside the nodal line at 180
Hz, but the whole area of vibration of the top plate is
contained within the glitter line at 90 Hz. This indi-
cates that the ribs are not moving to any extent at 90
Hz and that the top plate is being driven essentially by
the motion of the air inside the body.

The mode T2 could not be obtained by vibrating over
the loudspeaker. A coil transducer fixed to the bass
side of the bridge excited the T2 mode at 166 Hz, low-
er in frequency than previously recorded in Fig. 2 be-
cause of mass loading by the coil. Motion of the back
plate occurs also at 89 Hz, but the first true back-plate
mode occurs at 250 Hz. Other back-plate modes are
at 391, 405, and 447 Hz,

Because the resonances T1 and T2 overlap to a con-
siderable extent all subsequent experiments were un-
dertaken with the point of excitation of the top plate
moved to the center of the bridge. The T2 mode was
not excited therefore, and the behavior of the guitar
in the region of A0 and T1 was simplified. Figure 2(c)
shows the sound radiated when the guitar is excited at
the center of the bridge.

B. Input admittance in range of AQ and T1

The input admittance to the freely suspended guitar
was measured at the center of the bridge. The phase
? g, Of the voltage representing the velocity of the
point of excitation was measured with respect to that
representing force. A Farnell phase meter was used
and phase was recorded on a chart. A correction to
the measurement of phase is required to take account
of the electrical circuit of the measuring equipment.
The correction is obtained by repeating admittance mea-
surements with a brass weight fixed to the impedence
head. This experiment gives a calibration of phase
(velocity lags force, ¢y_r=+90°) and of admittance
(admittance = velocity/force= —j/wm), Input admit-
tance to the free guitar (v) and the corrected phase
(#y_¢) are shown in Fig. 5(a), and in Fig. 5(b) for the
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FIG. 3. Input admittance to the top plate of LG 17 guitar.
Admittance is measured along the line of the bridge and along
the midline of the guitar at A0 (90 Hz), T1 (180 Hz), and T2
(205 Hz).

vnloaded 03 Mar 2011 to 130.76.32.213. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.



590 lan M. Firth: Physics of the guitar at resonances

(a) LEVIN LG 17 GUITAR: TOP PLATE.

205

482 Hz

(a) Chladni powder patterns of top plate of guitar.

FIG. 4.

guitar when the rose is closed. Table I summarizes
measurements of frequency and Q@ at A0 and T1.

Considering the results in Figs. 2(d), 5(a), and 5(b)
it is possible to suggest an analogous acoustical circuit
for the guitar with respect to the point of excitation at
the bridge. At the resonances of admittance of Fig,
5(a), ¢y.r is zero so that AQ (89. 6 Hz) and T1 (178.6
Hz) are internal zeros of the circuit. The antiresonance
at 110 Hz is an internal pole. Figure 2(d) shows that
when T1 is heavily damped the air resonance AQ rises
slightly in frequency to 90.6 Hz. Figure 5(b) indicates
that when the rose is closed the resonance frequency
-of T1 is reduced to 163. 6 Hz.

An analogous acoustical circuit* which has a similar
response at its input terminals as Fig. 5(a) in the vi-
cinity of A0 and T1 is shown in Fig, 6. This is very
similar to the circuit which is used to describe the
action of a loudspeaker in a bass-reflex enclosure, *
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FIG. 5. Input addmittance and its phase with respect to force
of excitation measured at the center of the bridge with (a) the
rose open and (b) the rose closed.
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(b) LEVIN LG 17 GUITAR : BACK PLATE.

447

(b) Chladni powder patterns of back plate of guitar.

The circuit is drawn so that the input terminals repre-
sent a point of excitation at the center of the bridge.
There are two parts to the circuit; the series elements
represent the whole wooden guitar at the first reso-
nance of the top plate; the parallel elements represent
the action of the air in the body of the guitar at the
Helmholtz resonance.

From the measurements listed in Table I the input
impedance to the equivalent circuit (Fig. 6) can be cal-
culated from Fig. 5(a). The values of a series combi-
nation of M, C, and R which would make up this input
impedance are M=0, 53 kg, C=6 10" mN™!, and R
=10 mks Q2 at A0, and M=0.31 kg, C=2.5 10°® mN-!
and R=9,5 mks @ at T1.

The two parts of the equivalent circuit of the guitar
cannot be separated in a completed guitar. Measure-
ments on the top plate are always influenced by the
presence of the circuit of the Helmholtz resonance,
For instance, when AO is inactivated by closing the
rose (open circuiting the rose elements) the circuit
representing the action of the top plate is still loaded

PLATE
RE SRNANC[

PLATE ROSE
RADIATION VOLUME RADIATION ROSE
e

BRIDGE
EXCLTATON

«— TOP PLATE —> < AIR >

FIG. 6. Analogous acoustical circuit which describes the ac-
tion of the guitar in the vicinity of A0 and T1. The point of ex-
citation (i.e., the input terminals) is the center of the bridge.
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TABLE I. Resonance frequencies and Q’s of

guitar,
f(Hz) Q
Air (A0) Free guitar 83.6 30
resonance
Top-plate 90.6 22
damped
-Top-plate (T1) Free guitar 178.6 37.2
resonance
Rose closed 163.6 21

by some of the elements of the air resonance M,y, Ryv»
and C,,. Therefore, the true resonance frequency of
the series elements of the top plate along (M, C,, and
R,) can never be measured in the complete guitar (ex-
cept perhaps in vacuo). The true Helmholtz resonance
can be investigated if the walls are immobilized, per-
haps by burying the guitar in sand. The experiment
used to obtain Fig, 2(d) will not completely immobilize
the walls but shows correctly, nevertheless, that when
the walls are damped the Helmholtz frequency is less
than in the free guitar.

The reactances of the two parts of the analogous cir-
cuit are shown diagramatically in Fig. 7 when all the
resistances are zero., The velocity response U of the
circuit to a constant force of excitation is also indicated
compare with Fig, 5(a).

In the completed guitar it is possible to modify,
quite readily, certain of the circuit elements of Fig.
6. M, canbe altered by mass loading the bridge with
metal weights; M,y, R,y, and C,y can be changed by
filling the volume with blocks of wood; R, pp, Margs Mags
and R, , can be altered by changing the area and shape
of the rose opening. Measurements on component parts
of a guitar as it is being made should enable most of
the elements in the analogous circuit to be measured
independently.® This would be the best way to obtain a
complete description of the circuit in the region of A0
and T1.

C. Sound output and its phase

The guitar was mounted and excited as before and
the sound pressure was measured (a) at the center of
the rose, (b) adjacent to the impedance head at the cen-
ter of the bridge and close to the bridge, and (c)at 1 m
from the rose and the center of the bridge in the mid-
plane of the guitar. The sound pressure was measured
with a 3-in. B&K microphone to which was fixed a 4-
mm capillary probe. The phase of the sound pressure
was measured with respect to the force of excitation
for the three positions. The force of excitation was
kept constant as frequency was swept from 70 to 260
Hz.

At positions (a) and (b) a correction was applied to
the measurement of phase to take into account the phase
lag (which varies with frequency) due to the capillary

probe and connections of the electrical measuring equip-
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ment. For position (c) a further correction was ap-
plied to compensate for the time delay of waves travel-
ing from the guitar. This correction effectively moves
the point of measurement to the plane of the top plate,

Phase changes by more than a revolution, Which zero
to adopt can be fixed as follows: The velocity of the
top plate is in phase with the force of excitation at the
first top-plate resonance, and the top plate acts then
as a simple piston, The sound pressure measured at
the top plate therefore leads force of excitation by 90°
at T1. The SPL and corrected phase angle between
sound pressure and force of excitation at the bridge
are shown in Fig, 8 for the three positions of measure-
ment,

At this point it is possible to link the action of the
guitar described in Figs. 5(a) and 8 with the behavior
of the analogous acoustical circuit of the guitar shown
in Fig. 6. Referring to Fig. 6 the sound pressure at a
point in the midplane a distance r,, away from the gui-
tar is

P=(ifp/2f") (UTe'“' - Une""') .

The distance r to rose and bridge is corrected for in
phase measurements so that, referred to the plane of
the top plate of the guitar

P=(ifp/2r, \Up - Ug)
= (if p/ 2’31) U‘h

where Uy is the complex rms volume velocity of the
top plate at the region of the bridge (U, is measured
by ¥), and Up is the complex rms volume velocity at
the rose. A negative sign is used for Uy because, at
frequencies far below the air resonance an outward
displacement of air by the top plate is canceled by an
equal inward intake through the rose, and U, =U, - Uy
is the volume velocity necessary to compress and ex-
pand the air inside the guitar.

Consider now the behavior of the acoustical circuit
and the guitar with rising frequency.

T

_

on f\RES. fT|
FIG. 7. Reactances of the series (X7) and the parallel (X ,)
parts of the analogous eircuit. The input reactance (X=X
+X,) and the velocity response | Ul = |-¥| = 1X|~! are shown.

x
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FIG. 8. Sound pressure level at rose, top plate, and 1 m, and
the phase of pressure with respect to force of excitation ver-
sus frequency. ¢r=—phase of pressure at rose: ¢p—phase of
pressure at the eenter of bridge: ¢ n—phase of radiated pres~
sure at 1 m corrected to the plane of the top plate,

1. Below faq

For frequencies well below f,, the reactance of C,
is very high and U; becomes nearly equal to U,. Ra-
diation from the rose (proportional to — Uy) is out of
phase with the radiation from the top plate (propor-
tioned to Up). Figure 8 confirms this prediction to be
the case: ¢, differs by 180° from ¢ .

As a result of this phase difference radiation (mea-
sured here at 1 m) from the guitar at very low frequen-
cies is not enhanced by the presence of the rose., The
rose and the top plate behave like a dipole so that the
SPL decreases by 12 dB per octave. As the reactance
of C, v is high, U, decreases in this frequency range by
a further 6 dB per octave so that the radiated SPL from
the guitar should decrease by an overall 18 dB per oc-
tave below f,,. Figure 8 shows that the radiated SPL
from the guitar decreases more rapidly than that of the
SPL at the rose, but careful measurements of the rates
were not made.

At frequencies just below f,,, Fig. 8 indicates that
the radiated sound pressure and its phase follow closely
that detected at the rose. Most radiation just below
A0 arises from the rose, Uy,=(-Ug).

2. At the air resonance AQ

Although input reactance is zero at f,q, (-~ Uy) will
not be in phase with U, The phase of (- Uy) is de-
termined by the circuit elements in the part of the
acoustical circuit which describes the air in the guitar,
The behavior of the analogous circuit indicates that
(¢ = #7) should be decreasing with increasing fre-
quency. At AO radiated sound (U/,) should still be
mainly due to volume velocity in the rose (- Uy).

These predictions are confirmed by Fig. 5(a) and 8.
At AO, ¢p==90°, and leads the phase of ¥ by 90°,
¢¢y=0°: (pg — ¢ ) is decraesing through the resonance
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as frequency increases; the radiated SPL at 1 m fol-
lows the SPL detected at the rose, and ¢, ,~ ¢5.

3. Above on

An antiresonance occurs above the frequency of AQ,
According to the analogous circuit of Fig. 6 the anti-
resonance is caused almost entirely by the parallel
circuit representing the Helmholtz resonance. In the
parallel circuit — Uy, is larger than U; by a factor @
of this part of the circuit, so that radiation from the
guitar still occurs principally from the rose in the re-
gion of the antiresonance, U, =~ U,. Figure 8 confirms
that the radiated sound pressure level (SPL) follows
closely the SPL measured at the rose.

The analogous circuit also indicates that above the
antiresonance the phase of sound pressure at the rose
(proportional to - U;) is nearly in phase with the pres-
sure at the top plate (proportional to U;), see Fig. 1.
Figure 8 confirms that the phases of radiation from
the guitar, and pressures at rose and top plate are
nearly the same. There is, therefore, a resulting
enhancement of radiated sound because of the collabora-
tion of sound pressure from rose and top plate. In
loudspeakers the amount of the increase in response
for a bass-reflex enclosure is generally about 5 dB
greater than a simple closed enclosure over a frequen-
cy range of one or two octaves. By measuring the ra-
diated sound at 1 m when the rose is closed this en-
hancement can be shown to be present in the guitar
(Fig. 9).

Finally, it is useful to compare the input admittance
[Fig. 5(a)], SPL at rose and top plate, and radiated
SPL (Fig. 8) in the vicinity of the simple first top-
plate mode T1 (Fig. 4). Over a range of 40 Hz the
shape of these parameters is identical indicating that
the guitar is being excited in a single simple mode of
vibration in which in the input impedance and the gen-
erated volume velocities of air change smoothly,

1l. CONCLUSIONS

The modes of vibration of the guitar have been mea-
sured in the range 70-260 Hz. Experimental methods
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FIG. 9. (a) Radiated sound pressure level at 1 m when the
rose is open and closed. (b) Input admittance to the center of
the bridge when rose is open and closed.
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are simple and enable the pattern of the modes to be
easily interpreted,

An analogous acoustical circuit has been proposed
for the guitar on the basis of input-admittance mea-
surements at the center of the bridge. The circuit in-
cludes elements which describe the whole guitar at the
resonance of the top plate and the air inside the body
of the guitar at the Helmholtz resonance. The circuit
is very similar to that used to describe a loudspeaker
in a bass-reflex enclosure.

The circuit has been used to describe the action of
the guitar in the range of the air resonance and the
first top-plate resonance, The description is con-
firmed by measurements of sound pressure at rose
and at top plate, and of the radiated sound pressure.
The guitar behaves in this frequency range in the same’
way as a loudspeaker in a bass-reflex enclosure.

The acoustical advantages in using an open port, the
rose, in the guitar might be considered as follows. As
the top plate cannot be made thinner, or fixed to the ribs
in a more flexible way the air resonance formed in the
guitar extends the bass response of the instrument.

The sharp cutoff of radiation below the air resonance
implies that a maker has to adjust the frequency of
this resonance with care,

These conclusions for the action of the guitar at its
first two resonances should apply to all stringed instru-"
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ments which have an air cavity, e.g., the lute, mando-
lin, violin, and viol, .
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