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A simple but informative whole-"eld method to visualize standing waves in air
enclosures is presented. The integrated sound pressure "eld distribution of
standing-wave patterns inside a rectangular, air-"lled transparent box is measured
using ordinary TV holography (also called ESPI or DSPI). The phase distribution
of the sound pressure is measured by using the more complicated,
phase-modulated TV holography technique. Standing waves in the box are excited
by a loudspeaker. The structural vibration amplitude distribution of the walls of
the same box (operational de#ection shapes, ODSs) are measured at the same
frequencies as the standing waves with the same optical technique. The pressure
maps obtained and the corresponding structural ODSs are of great pedagogical
value and can be used to verify numerical models, etc. Standing-wave patterns in
non-rectangular enclosures, as the sound box of a guitar, illustrates the usefulness
of the method.
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1. INTRODUCTION

In several textbooks on physics as well as on acoustics, waves in a rectangular box
or particles in a box are used as a theoretical model for di!erent phenomena. The
description of a rectangular box in a Cartesian co-ordinate system makes the
mathematics simple; closed analytical solutions are found. Still today, there are not
many experimental methods available which visualize these standing-wave
patterns. Lord Rayleigh described for instance standing-wave phenomena in air in
his book ¹heory of Sound [1]. He also described experiments in this book. &&¹he
experimental investigation of aerial waves within pipes has been e+ected with
considerable success by Kundt. [Pogg. Ann. cxxxv, 337, 1868]. ¹o generate waves (in
a tube) is easy enough; but it is not easy to invent a method by which they can be
e+ectually examined. Kundt discovered that the nodes of stationary waves can be
made evident by dust. A little ,ne sand or lycopodium seed, shaken over the interior of
a glass tube containing a vibrating column of air disposes itself in recurring patterns,
by means of which it is easy to determine the positions of the nodes and to measure the
intervals between them11. Kundt's experiment is still used in many secondary physics
0022-460X/99/290689#19 $30.00/0 ( 1999 Academic Press



690 A. RUNNEMALM
courses to illustrate standing-wave patterns in a non-visible #uid-like medium,
as in air. Chladni's "gures was a similar method at that time already used
to visualize nodal lines of vibration modes of solid objects as membranes, plates
and shells [2].

Not many true "eld measuring methods other than Kundt's experiment are
available today by which waves in air can be studied. Of course, there are scanning
methods, for instance with a microphone as &&point'' sensor [3], but, as will be seen
below, microphones are quite large and may disturb the sound "eld. In 1965,
hologram interferometry, an interferometric technique, was presented [4], by which
it is possible to &&see the sound'' [5}8]. The reason for this is that a change in sound
pressure will also change the air density and the index of refraction. The optical
path, which is the product of the index of refraction and the geometrical path
length, will be changed for a probing light beam passing through a sound "eld. This
altered optical path of the probing light gives rise to an optical phase shift
compared to a light beam passing through an undisturbed air volume. Holographic
interferometry is a suitable method to detect such small phase di!erences. Pulsed
holographic interferometry and lately a similar, all electronic technique called
pulsed TV holography have been used to detect propagating transient sound "elds
from impacted plates [5, 6]. Phase-modulated TV holography made it possible to
present pictures of propagating harmonic sound "elds, &&Sound in #ight'' [7, 8].
Computer tomographic (CT) techniques combined with the measuring methods
made it possible to make a full three-dimensional evaluation of propagating sound
"elds [9}11].

It is however somewhat surprising that standing-wave patterns in air do not
seem to have been recorded by using the TV holographic or DSPI methods. The
technique to do so is even simpler than the one used to record propagating
harmonic sound waves or transients in air. Spatial amplitude maps of the sound
pressure "elds are easily obtained as will be shown below.

This paper deals with standing waves in air. Both the amplitude and phase
are presented for standing waves inside a transparent rectangular box. The box
is made of 5 mm thick polymethyl methacrylate (PMMA) and has the dimensions
(0)5, 0)3, 0)1) m; see Figure 1. The intergrated sound pressure "eld inside the
box and the structural vibration of the box, are recorded by using ordinary
TV holography. To record the phase of the sound pressure "eld, phase-modulated
TV holography is used. One application of this technique might be purely
pedagogical. It can be used at universities and laboratories to visualize standing
waves and to illustrate such phenomena in textbooks. It is also very useful
to illustrate non-simple vibration shapes, as combination modes, as will be
shown. The technique can also be used to explore standing-wave patterns
in enclosures of any shape like cabins of cars, boats, etc., but also in sound boxes
of musical instruments as will be shown. Both the vibrations of the walls of the
air enclosure and the standing-wave pattern inside the enclosure can be
studied with the same real-time optical TV holography technique. Thus, physical
and numerical models of the interaction between the air and the structure can be
tested as well as new ideas to decrease or increase the sound pressure "elds of the
model.



Figure 1. The transparent box is made of 5 mm thick PMMA. The dimension of the box is
(¸

x
, ¸

y
, ¸

z
)"(0)5, 0)3, 0)1) m. In one of the short sides, there is a hole for the loudspeaker.
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2. STANDING WAVES IN A BOX

The theory for standing waves in a rectangular box is well described in many
text books, for instance in references [12, 13]. Here is a short presentation of the
theory.

The sound pressure "eld p (x, y, z) is described by the Helmholtz equation

+ 2p (x, y, z)#k2p(x, y, z)"0, (1)

where the operator + 2 is the Laplacian operator in Cartesian co-ordinates and k is
the wavenumber, equal to u/c (u is the angular frequency and c is the speed of
sound).

A separable solution of equation (1) is given by

p (x, y, z, q)"W (x, y, z, q)e~*uq
t , (2)

where q"1, 2, 3,2. The eigenfunction W (x, y, z, q) must satisfy the boundary
conditions for a closed box with rigid walls. It can be shown that the eigenvalue, in
equation (1), k(q), in a rectangular cavity can be rewritten as k2
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Figure 2. Resonance density for each 500 Hz interval in the rectangular box in Figure 1.
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The frequency of a standing wave in the rectangular box depends only upon the
speed of sound, c, and the geometrical dimensions (¸

x
, ¸

y
, ¸

z
) of the box. The

number of modes in the box in a frequency interval, increases fast with increasing
frequency. The resonance density, i.e., the number of modes within a number of
500 Hz intervals, for eigenmodes (standing waves) is shown in Figure 2. One can
see that for increasing frequency the resonance density increases almost
exponentially. Therefore combination modes, consisting of several eigenmodes,
close in frequency, become more common for increasing frequencies.

3. CHANGE IN OPTICAL PATH BY A SOUND FIELD

A sound pressure gives rise to a change in air density in the sounding medium.
The refractive index, n, and the density, o, are related through the Gladestone}Dale
equation [14]

n!1
o

"constant. (4)

The pressure, p, and the density, o, are related through the adiabatic condition,

p/p
0
"(o/o

0
)c , (5)

where c"C
p
/C

v
is the adiabatic constant de"ned by the heat capacities at

constant pressure C
p

and constant volume C
v
. The index 0 refers to the

conditions at undisturbed air pressure. Combinating equations (4) and (5) yields a
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relation between the change in refractive index due to the sound pressure,
p(x, y, z):

Dn"n(x, y, z)!n
0
"(n

0
!1)CA

p (x, y, z)
p
0

B
1@c

!1D . (6)

The optical path di!erence, Dd, is given by the geometrical path length times the
change in refractive index. If it is assumed that the probing ray is travelling along
the z-axis and the refractive index is a function of position, the relation between the
optical path variation, Dd, and the change in refractive index, Dn"n!n

0
, is

Dd"P [n(x, y, z)!n
0
] dz . (7)

If the refractive index is constant with respect to the integration co-ordinate
z and the depth of the sound "eld is ¸

z
, the optical path di!erence will simply be the

product Dd"¸
z
Dn. If Dd is measured, Dn can easily be calculated and inserted into

equation (6) to extract the actual integrated sound pressure p (x, y) in the box.
If n(x, y, z) varies along the path, several projections are needed to extract the

spatial variation (tomography) [9, 10].

4. TV HOLOGRAPHY

TV holography [15}17], sometimes referred to as Electronic Holography,
Electro-Optic Holography, Electronic Speckle Pattern Interferometry (ESPI) or
Digital Speckle Pattern Interferometry (DSPI), is a real-time non-contract and
full-"eld measuring technique. The measuring principle is based on phase-stepped
holographic interferometry. In Figure 3 the optical unit is presented. The
transparent sound box is illuminated (see Figure 4) by a frequency-doubled
Nd : YAG-laser (wavelength 532 mm). The image "eld of the box interferes with
a smooth reference beam from an optical "bre onto a CCD-detector. The
piezo-electric mounted mirror (PZM1) introduces optical phase steps of 903
between subsequent TV frames. The four latest frames are processed on-line by the
system. The piezo-electric-mounted mirror PZM2 is used in phase-modulated TV
holography; see below. The measurements are presented as high-quality
interferograms on a TV monitor in &&real time''.

With TV holography, vibration analysis of sinusoidally vibrating objects is easily
performed. The object is excited by an external exciter at single frequencies. The
frequency is changed until an eigenfrequency is found. This occurs when the
maximum number of interference fringes appears in the interferogram.

An interferogram of a plate, clamped along the upper and lower edges, vibrating
in one of its eigenmode with three antinodes, is shown in Figure 5. Each dark fringe
connects points with equal amplitude of vibration and can be interpreted as
contour lines on a map. The two white vertical lines are nodal lines with
zero vibration amplitude. If the illumination and the object beam are parallel and
along the normal of the plate, the intensity distribution on the interferogram is



Figure 3. The optical con"guration of the TV holography system used for sound "eld measure-
ments. Beam splitter; BS, a piezoelectric-mounted mirror; PZM1, is used for the phase-shift, and the
piezoelectric-mounted mirror; PZM2, is used in phase modulated TV holography to measure small
amplitudes (&2 nm) and phase.

Figure 4. Experimental set-up. The treatment box is placed in front of the optical head. Behind the
box a rigid white painted wall is mounted. A loudspeaker is used as an exciter. The laser light travels
through the box to the rigid wall and is re#ected back again to the optical unit. The box can be tilted
to study any projection, in the "gure the box is placed for an xy-projection.
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proportional to the square of the zeroth-order Bessel function, J
0
, as

I
065

(k, l)+J2
0C

4n
j

DdD , (8)

where (k, l) is the pixel co-ordinate on the CCD detector and j is the wavelength of
the laser. The dark fringes occur when equation (8) is equal to zero; this occurs the



Figure 5. An interferogram of a vibration mode of a rectangular plate clamped along the upper and
lower edge. The dark fringes are isolines with equal vibration amplitude. The "rst dark fringe
corresponds to an amplitude of 0)1 km. The vertical white lines between the antinodes are nodal lines
and corresponds to zero amplitude.
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"rst time when the argument (4n/j)(Dd )"2)40. The vibration amplitude must
therefore be larger than Dd"0)1 km (when using a laser with wavelength 532 nm)
to record one or more black fringes. Up to about 20 such fringes may be resolved on
the monitor without any di$culties.

Now, assume that instead of a vibrating plate one has a sinusoidally oscillating
sound pressure "eld in the box, as in Figure 4. For simplicity, also assume that
the sound pressure is constant along the side ¸

z
"0)1 m in the box. An optical

path change of Dd"̧
z
Dn"0)1 km, that is the "rst black fringe, corresponds

to a sound pressure change which gives a change in refractive index of the
air of Dn"10~6 for 0)1 m probing depth. Upon using equation (6) this
corresponds to a sound pressure level as high as 148 dB. In an attempt to verify
this value, a microphone was inserted inside the box. The microphone probe
was placed close to the "rst black fringe, but since the sound "eld now was
slightly changed due to the disturbance of the microphone, it was not possible
to measure the sound pressure level exactly at a black fringe. The measured value
was slightly lower than the theoretical expected value. It was realized that the
measurement of the sound "eld in a box by using a microphone does not mean
exactly the same as the measurement of the sound "eld without the disturbing
microphone.

It is of course possible to detect smaller vibration amplitudes and sound
pressures less than that amount which corresponds to the "rst fringe of the Bessel
function. Upon looking at the interferogram on the monitor an amplitude of about
1/4 of the "rst fringe can be detected using ordinary TV holography. This is due to
the fact that the intensity in the interferogram is lowered quite fast in the
low-amplitude range. By using electronic evaluation of the decreasing grey level,
even smaller amplitudes, say on the order of 1/10 of that of the "rst black fringe, can
be resolved.
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4.1. PHASE-MODULATED TV HOLOGRAPHY

A technique to measure very small vibration amplitudes (in the nanometer range)
is phase-modulated TV holography [7}10, 17, 18]. In this technique, the phase of
the vibration is also detected. The amplitude sensitivity of the TV holography
system is increased by a factor of 50; that is, down to amplitudes in the range of
0)1/50"2 nm. For the same examples as before, this technique now corresponds to
a sound pressure level in the box of about 114 dB.

L+kberg et al. [7}10] have used phase-modulated TV holography to measure
phase and amplitude of propagation harmonic sound "elds. Saldner [18] later
presented a combination of phase stepping and the sinusoidal phase-modulation
technique.

In the interferograms presented in this paper, ordinary TV holography is used for
the sound pressure "eld measurements. The frequencies of the aerial standing waves
are easily detected with this technique. The phase of the sound "eld is however
measured by using the phase-modulated technique as described by Saldner [18].
The phase of the sound "eld is determined from the expression [17]

h"arctanC
I
090

!I
270

I
180

!I
000
D , (9)

where I
xxx

are four successive recorded images with an increased phase modulation
of 903 in between them. However, for vibration amplitudes and sound pressure
close to zero, both the nominator and the denominator in equation (9) will be close
to zero, and the measured phase will be very uncertain. To reduce the noise,
a spatial convolution algorithm is applied, which lowers the spatial resolution at
the nodes considerably.

5. RESULTS

A high number of di!erent standing waves are experimentally found in the box
by using ordinary TV holography. In Table 1 some of the eigenmodes are listed,
showing the measured and the theoretical frequencies of the modes presented in
Figures 6}12. Even though the theoretical values are for a box with rigid walls,
which the PMMA box does not have, the eigenfrequencies coincide quite well. For
low frequencies the deviation is larger, mainly caused by the interaction of the
enclosed vibrating air with the vibrating walls [19].

In Figures 6}12 amplitude and phase distribution of some selected modes are
shown. The three small black spots, seen in the middle of each interferogram, are
due to mirror re#ections in the walls of the box. First some examples of &&classical''
mode shapes, thereafter two examples of coupled modes, are shown.

In Figure 6, the simple (2, 0, 0) mode at 684 Hz is shown. The standing wave has
a wavelength equal to the length of the box in the x-direction (j"0)5 m). There are
two broad nodal lines perpendicular to the x-axis. These fringes are seen in both the
xy-plane, Figure 6(a), and the xz-plane, Figure 6(b). The dark fringes (or area) in
the centre are in opposite phase relative to the fringes at the walls; compare with
Figure 6(c). The sound pressure in Figures 6(a), (b) may seem to di!er a bit even if



TABLE 1

Frequencies for some standing waves in a rectangular box of PMMA with a dimension of 0)5,
0)3, 0)1 m; theoretical values are for a rigid box using the sound speed 345 m/s; experimental

values are measured by using ¹< holography

Mode Theoretical Measured
frequency frequency

[Hz] [Hz]

(2, 0, 0) 690 684
(6, 0, 0) 2070 2067
(5, 2, 0) 2073 2067
(0, 4, 0) 2300 2298
(3, 4, 0) 2522 2521
(8, 0, 0) 2760 2757
(10, 0, 0) 3450 3453
(0, 0, 2) 3450 3453
(2, 0, 2) 3518 3519

Figure 6. Interferogram showing an aerial standing wave at 684 Hz, mode (2, 0, 0). (a) View
through the upright box, xy-projection; (b) view through the side of the box, xz-projection; (c) the
phase along the x-axis of the box. Solid line is the measured phase and dotted line is the theoretical
expected phase distribution.
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the driving voltage is equal. This is due to the fact that the sound pressure "eld seen
in the "gures are the integrated sound pressure along the laser illumination
direction through the box. Since the box is rectangular the integration distance is
"ve times longer in Figure 6(b) than in Figure 6(a). Therefore, a higher number of
dark fringes are seen in Figure 6(b) than in Figure 6(a). In addition, the e!ect of the
slightly divergent illumination direction has a larger in#uence in Figure 6(b) than in
Figure 6(a). Therefore, the most striking result shown in Figure 6(b) is that the
sound pressure is constant in the z-direction. The sound pressure level is more
easily determined from Figure 6(a).
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The phases of the standing waves shown in Figures 6(c), 7(c) and 8(c) are
evaluated from equation (9). For those points where the amplitude is rather low,
both the numerator and the denominator in equation (9) will be close to zero. The
phases at those points will be very noisy and hard to evaluate. Applying
a convolution smoothing algorithm to the measurement will decrease the noise but
due to spatial averaging the step in phase from n/2 or !n/2 will not get as steep as
expected. Therefore, Figures 6(c), 7(c) and 8(c) have two curves, one solid curve with
the actual measured phases and with the spatial averaging applied, and one dotted
curve with the theoretical expected values. The value of the phase at the right-hand
side of the box in Figure 6(c) is not exactly n/2 as expected. But notice that this is
where the loudspeaker is positioned, so the deviation might be explained by the
in#uence from the loudspeaker.

In Figure 7, the (0, 4, 0) mode at 2298 Hz is shown. Here there is a standing wave
pattern seen only in the y direction. The wavelength is half the height of the box
(j"0)15 m). Note that in this case, dark fringes are seen only in the xy-plane,
Figure 7(a), and not in the xz-plane, Figure 7(b). A probing ray through a standing
wave will experience equal amounts of high and low sound pressures along the path
which in total add up to a zero optical phase change in the y-direction; that is, no
fringes are not be expected in the xy-plane. The dark fringes at the upper and lower
walls are in phase with the dark fringe in the centre and in phase opposite to the
others; see Figure 7(c).

Figure 8 shows a more complicated mode labelled (2, 0, 2) at 3519 Hz. In this
mode there are standing waves in two directions. There are nodal lines both in the
x and the z directions see Figure 8(b). The sound wave is now travelling around the
box and is re#ected at the walls at angles not equal to 903 [12]. No fringes are seen
Figure 7. Standing wave at 2298 Hz, mode (0, 4, 0). (a) View through the upright box, xy-
projection; (b) view through the side of the box, xz-projection; (c) the phase along the y-axis of the box.
Solid line is the measured phase and dotted line is the theoretical expected phase distribution.



Figure 8. Standing wave 3519 Hz, mode (2, 0, 2). (a) View through the upright box, xy-projection;
(b) view through the side of the box, xz-projection; (c) the phase along the z-axis of the box. Solid line is
the measured phase and dotted line is the theoretical expected phase distribution.

STANDING WAVES RECORDED BY TV HOLOGRAPHY 699
in the xy-plane; see Figure 8(a), since the probing light ray in the z direction will
experience a phase variation as in Figure 8(c) which adds up to a zero optical phase
change [cf. with Figure 7(b)]

Figure 9 shows the xy-projection of a very regular mode (8, 0, 0) at 2757 Hz. This
mode has a standing wave in the x-direction and the wavelength is one-fourth of the
length of the box (j"0)125 m)

Figure 10 shows the mode (3, 4, 0) at 2521 Hz. This is the &&classical'' shape of
a two-dimensional mode, as the mode (2, 0, 2) in Figure 8.

In this investigation, modes of &&non-classical'' shape, such as combination
modes [20], were also detected. Two examples of such modes are shown in Figures 11
and 12.

Figure 11(a) shows a combination mode at 3453 Hz. The interferogram in
Figure 11(a) di!ers from those of the &&classical'' modes; see Figures 6}10. The
interference pattern is now staggered. In other two-dimensional modes, for
examples mode (3, 4, 0) in Figure 10, the interference fringes are formed in aligned
con"gurations. Theoretically, the two modes (10, 0, 0) and (0, 0, 2) both appear at
frequency 3450 Hz. A possible explanation of this odd pattern in Figure 11(a) is
that the modes (10, 0, 0) and (0, 0, 2) are excited simultaneously. Studying the phase
of the sound pressure of the two modes [see Figure 11(b)] leads to a pattern that
corresponds to the pattern found in Figure 11(a).

In Figure 12(a) another strong combination mode is shown. The mode found at
2067 Hz reminds one of the mode (6, 0, 0) but is not &&classical'' in shape. The nodal
lines, for example, are not straight lines. The reason for this spatial distribution
might be an in#uence from mode (5, 2, 0) which is really close in frequency. The
theoretical frequency for mode (6, 0, 0) is 2070 Hz and for mode (5, 2, 0) it is



Figure 9. Standing wave at 2757 Hz, mode (8, 0, 0), view through the upright box, the xy-projection.

Figure 10. Standing wave at 2521 Hz, mode (3, 4, 0), view through the upright box, the xy-projection.
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2073 Hz. Upon studying the phases of these two modes, see Figure 12(b), in the
same way as in Figure 11 it is found that this is a reasonable explanation. But it



Figure 11. Standing wave at 3453 Hz. (a) View through the side of the box, the xz-projection; (b)
phase distribution for modes (10, 0, 0) and (0, 0, 2) and the phase of the combination of the two modes.
The result coincides with the combination mode found in (a).
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cannot be ruled out that the phase distribution of the loudspeaker or the will
vibrations also interact in this mode.

With the TV holography equipment used, it is also easy to show the in#uence of
obstacles or changes in the set-up since this is real-time measuring technique.

The interferogram in Figure 13 shows the mode (2, 0, 0) (cf. with Figure 6) when
a microphone probe is placed in the sound "eld inside the box. It is interesting to
notice that the microphone disturbs the sound "eld quite a lot. The interference
fringes have lower contrast than in the case without the microphone; cf. with
Figure 6(a). This indicates that the sound pressure is slightly lower. The frequency
is also changed. With the microphone placed inside the box, the standing wave
(2, 0, 0) is found at 692 Hz, which is 8 Hz higher than in the situation without the
microphone (684 Hz). It is thus easy to show that the inserted microphone acts as
a disturbance in the cavity that changes both the resonance frequency and the
amplitude. It has to be realized that placing a microphone in a sound "eld means
that the measuring situation has changed.

How do the standing aerial waves interact with the box? With TV holography it
is also possible to measure the structural vibrations of a shell structure. In
Figure 14, the structural vibrations of the rectangular box are shown together with
the sound pressure "eld. The upper-half of the box has been painted white to make
the wall visible in the laser light, so the structural vibration could be measured. The
lower part of the box was left transparent so one was able to measure the sound
pressure "eld inside the box. Since the structural vibration amplitudes for low
frequencies often are high, it was not always possible to measure the vibration



Figure 12. Standing wave at 2067 Hz. (a) View through the upright box, the xy-projection; (b)
phase distribution for modes (6, 0, 0) and (5, 2, 0) and the phase of the combination of the two modes.
The results coincide with the combination mode found in (a).
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amplitude of the walls and the sound pressure "eld simultaneously. The structural
vibrations were therefore measured at the same frequencies and the same
conditions as the standing waves but at lower sound pressures. In Figure 14(a)
mode (2, 0, 0) at 684 Hz is shown; cf. with Figure 6. The structural vibration in the
upper-half of Figure 14(a) is found at only 1/100th of the driving voltage of the



Figure 13. Mode (2, 0, 0), view through the upright box, the xy-projection. A microphone probe is
placed in the sound "eld. The frequency of the standing wave with microphone is changed to 692 Hz;
compare the amplitude distribution to that of Figure 6.
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loudspeaker for the sound pressure "eld in the lower-half of the "gure. In
Figure 14(b) the mode (0, 4, 0) at 2298 Hz is shown; cf. with Figure 7. Here the
driving voltage is one-tenth of the one used for the sound "eld. Notice how the
antinodes in the walls are mostly located along the antinodes in the sound pressure
"eld, but that the structural vibrations have a much more complicated shape
(operational de#ection shape). In Figure 14(a), the vibration pattern of the wall is
mainly orientated vertically as is the sound pressure "eld, and in Figure 14(b)
horizontally. A simple shape of the aerial wave pattern inside a cavity does not
correspond to a simple vibration pattern of the surrounding walls nor a simple
phase distribution.

Standing waves in non-regular enclosures, as in reference [21], are also possible
to measure with the same technique as described above. In Figure 15 a standing
wave pattern at 996 Hz inside the sound box of a guitar is shown. The guitar is an
ordinary modern acoustical guitar with the top and back plates replaced by
PMMA plates. The mode is excited by a loudspeaker placed at the sound hole of
the guitar, seen in the "gure. This mode looks very much the same as the "fth air
cavity mode of a guitar at 956 Hz, described by Fletcher and Rossing [22]. That
mode is described as having two vertical nodal lines, one on each side of the sound
hole. The antinodes at the vertical walls are vibrating in phase and opposite in
phase to the central part. At the sound hole a vibrating air column is formed; that is,
this mode generates a considerable amount of sound at the sound hole. The mode
seen in Figure 15 shows essentially the same standing wave pattern, but the
antinodes are quite curved and the centre antinode area consists of two parts
vibrating in phase with more or less a saddle point in between them. The exact



Figure 14. Operational de#ection shapes (ODSs) of the wall of the rectangular box, upper-half, and
internal sound pressure "eld, lower-half. (a) For mode (2, 0, 0); (b) for mode (0, 4, 0); compare with
Figures 6 and 7. The ODSs are excited in the same way as the sound pressure "eld but at lower sound
pressure, about 1/100 in (a) and 1/10 in (b) of the driving voltage of the loudspeaker.
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position and shape of the antinodes are easily measured by the TV holography
technique.

6. DISCUSSION

Standing-wave patterns in a sound box have been measured by using ordinary
TV holography. With this method it is possible to &&see'' the sound in real time. The
frequencies and the shape at the standing waves are easily detected. The pases of the
sound "elds are also measured. All this can be done in full "eld and without
disturbing the sound "eld.

With two examples it has been shown that it is possible to investigate the intera-
ction between the enclosed sound "eld and the structural vibrations. The antinodes
in the structural vibration seem in these examples to line up with the aerial ones.
The operational de#ection shapes in amplitude and phase of the structure are



Figure 15. Standing wave inside the sound box of a guitar. The mode is found at 996 Hz in an
ordinary guitar with the top and back plates replaced with PMMA plates. A loudspeaker placed
outside the sound hole is used as the exciter.
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however much more complicated than the standing wave pattern of the sound
pressure "eld.

For the experimental set-up used in this paper the sound pressure needs to be
quite high. The index of refraction times the integration distance (the depth of the
sound "eld), that is the change in optical phase, needs to be 0)1 km to fully detect
the "rst black fringe in the interferogram. This corresponds to a sound pressure
level as high as 148 dB for a sound "eld with depth (integration distance) 0)1 m. For
an inegration length 10 times deeper, 1 m, the sound pressure level still needs to be
as high as 128 dB. This is however not as bad as it looks at "rst sight since the
sound pressure easily gets very high in the antinodes of a standing wave in an
enclosure.
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Since the illumination beam travels through the transparent box, in the z-
direction in Figure 4, the measured sound "eld is an xy-projection: that is, a two-
dimensional projection of the three dimensional sound "eld. For a complete
three-dimensional reconstruction of the sound "eld, a tomographic routine needs
to be used [9}11] where a number recordings from several directions are obtained.

One error in the experiments reported is that the projection of the sound "eld is
not exactly in the z-direction (see Figure 4), but along the divergent illumination
direction. The object, the transparent box, is placed fairly close, about 1)2 m from
the optical head and the illumination and the observation directions are not
completely parallel. Therefore, the projection is slightly disturbed: i.e., the angle of
incidence of the illumination is not 903 throughout the entire box. Only in the
centre of the box is there a perfect xy-projection. This problem can however be
avoided by placing the object far from the optical head or by using collimated light.
This problem gets more severe when looking through the longer side of the box; for
instance see Figure 11(a) on the right and left sides.

For a standing wave in the depth of the box, the z-direction in Figure 4, the phase
of the sound is alternating between positive and negative values. For an integration
through an even number of such alternations the result is zero in optical phase
change. It is thus not always possible to detect a standing wave in the depth, even if
it is excited. This is the case in Figure 7(b), mode (0, 4, 0), and 8(a), mode (2, 0, 2),
where no standing wave is detected from that viewing direction. These modes are
detected from other viewing directions of the box; see Figures 7(a) and 8(b). It must
be remembered in the interpretation of the "gures that they show the integrated
projected sound pressure and the phase has to be taken into account.

It is also shown that a microphone placed in the sound "eld disturbs both the
sound pressure "eld and changes the resonance frequency. Measuring a sound "eld
with a microphone does not necessarily give the same result as without the
microphone probe. The non-contacting TV holography technique does not
introduce disturbances as the microphone does.

The technique described here can be used to illustrate standing-wave phenomena
in non-symmetric boxes: for example, a cabin of a car or a musical instrument as in
Figure 15. It is also very useful for the demonstration of standing waves and it
might provide useful information for textbooks in acoustics.
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