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Vibration and radiation characteristics of a piano soundboard for a 6-ft grand piano are
investigated by use of modal analysis and surface-intensity methods. The mode shapes and
frequencies of six resonances below 200 Hz are shown, and their relations to intensity patterns
are discussed. The intensity pattern changes in a very complex manner as the frequency varies.
The radiation efficiency below 80 Hz is very low. Sound is radiated fairly efficiently in the
frequency range of 100 Hz-1 kHz, and very efficiently above 1.4 kHz. The results indicate that
it is very important to make the input power to the soundboard as constant as possible with
respect to the driving point as well as the driving frequency, in order to achieve a smooth

change of sound power output from note to note.

PACS numbers: 43.75.Mn

INTRODUCTION

The wavelengths of sounds corresponding to the lowest
notes of the piano are much larger than the size of the sound-
board. In this range, the sound is not radiated efficiently due
to the cancellation of sounds produced by the top and bot-
tom of the soundboard. For wavelengths corresponding to
higher notes , the size of the soundboard becomes relatively
large and the abovementioned cancellation gradually disap-
pears. In this frequency region, the soundboard does not
vibrate as a rigid piston, but vibrates in various modes. Then,
cancellation of sound from different areas of the soundboard
surface starts to take place. The cancellation depends on the
speed of sound in air and the speed of the flexural wave in the
soundboard. However, since the structure and the shape of
the soundboard are so complex, it is very difficult to investi-
gate the vibration and radiation characteristics theoretically.
Thus studies performed in the past have been mostly experi-
mental. Even though researchers’™ have studied the piano
soundboard for many years, a good understanding of the
soundboard has yet to be obtained. In the present paper,
vibration and radiation characteristics of a 6-ft grand piano
soundboard are investigated by use of modern measurement
techniques. The modal analysis method® is applied to inves-
tigate vibration characteristics. The surface-intensity meth-
o0d® is used to measure sound intensity.

Vibration patterns of several lowest orders are shown
and compared to the intensity patterns. The intensity pat-
terns are also shown to much higher frequencies. Quantities
obtained by integrating the intensity over the measurement
surface such as the radiated power, radiation efficiency, and
normalized radiation resistance are discussed. Emphasis is
placed on the discussion of the radiation efficiency change as
a function of frequency. ’

. MEASUREMENT
A. Measurement setup

The block diagram of the measuring system is shown in
Fig. 1. A dynamic structural analyzer (Hewlett—Packard,
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5423A) was used to control the measurement system. This
analyzer is designed for modal analysis of a structure in gen-
eral. A bandlimited noise signal from the analyzer is fed to a
shaker (MB Electronics, model EA1500) which is connect-
ed to the soundboard by a 1.25-cm-diam brass rod with a
force transducer (PCB, model 200B) at the end of the rod.
The force transducer measures the excitation force F(w) ap-
plied to the soundboard by the shaker. This signal is used as
the input to channel 1 of the analyzer. At the same time, an
accelerometer (PCB, model 309A) picks up the acceleration
a(w) at a point on the soundboard. This signal is used as the
input to channel 2. The analyzer calculates the acceleration-
frequency response function, 4 (@) = a(w)/F(w), from the
two signals and, after 16 times of averaging, stores A(w) ona
data tape. Then, channel 2 is switched to the pressure signal
2(@) from a microphone located at the same point as the
acceleration measurement. The pressure-frequency re-
sponse function, P(w) = p(w)/F(w), is calculated and
stored on the data tape next to 4(w). The same process is
repeated for different locations on the soundboard, with the
driving point fixed and the receiving point varied.

B. Modal analysis

The first step of modal analysis is to assign mode
numbers to the resonances which are observed as peaks of
the acceleration-frequency response functions 4 (). Then,
by choosing one representative response function from re-
peated measurements, the frequency and damping of each
mode are calculated by use of a curve-fitting algorithm.
Once the representative frequencies and dampings are given
for individual resonances, the relative amplitude (including
phase information ) of each mode at every point is calculated
again by use of the curve-fitting algorithm. This displace-

.ment vector is called a mode shape. This mode shape can be
graphically animated if the coordinates of the measurement
points and the display sequence are given. If necessary, the
modal mass and the stiffness for each mode can also be calcu-
lated. The animated display of the mode pattern is very help-
ful to the understanding of vibrational characteristics.
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FIG. 1. Setup for the measurement
of the vibration and radiation of a pi-
ano soundboard.

C. Surface-intensity method

The time-averaged intensity perpendicular to a vibrat-
ing surface is calculated as a function of angular frequency w
by ‘

I=Re| pla/jw)*1/2, (1)

where the symbols Re and * indicate the real part and the
complex conjugate of a complex number, respectively, and p
and o are the pressure and the normal acceleration at the
measurement point, respectively, andj = ( — 1)/2. So that
we can calculate the intensity distribution and some other
intensity-related guantities, the data stored on the data tape
were sent to a VAX 11/780 host computer through an IBM
PC. For the animated display of the intensity pattern, the
intensity distribution calculated in the VAX 11/780 was
sent back to the HP-5423 A structural dynamics analyzer.
/hen the vibration and the intensity patterns are com-
ared, the following should be kept in mind. The intensity
pattern is the intensity distribution when the soundboard is
driven at a specific point and frequency. The forced vibra-
tion of the soundboard in this case contains all the modes
even though only the modes near the driving frequency on
the frequency axis are dominant. On the other hand, the
mode shape is a pattern of a specific mode which is unrelated
to the driving point and frequency.

The major drawback of the surface-intensity method is
fine difficuity in the phase calibration between the accelero-
rneter and the pressure microphone. In the low-frequency
range, where the radiation efficiency is small, the pressure
and the velocity are almost 90° out-of-phase (‘“‘reactive
field”), and a small error of the phase measurement resulfs
in & significant error in the intensity calculation. Therefore,
the phase mismatch between the two transducers must be
calibrated as accurately as possible. This was accomplished
by use of the calibration device shown in Fig. 2.

A
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The calibrator consists of an aluminum block with a
small air chamber and a driver. When the driver is excited by
a shaker, the sound pressure inside the chamber is 180° out-
of-phase with the acceleration of the driver. Thus, by putting
the accelerometer on the driver and facing the microphone
onto the air chamber, the difference of the phase responses
(¢, — ¢,) is measured, where ¢, and ¢, are the phase re-
sponses of the accelerometer and the microphone. The result
is shown in Fig. 3. The phase difference is almost zero
around 200 Hz, but it is significantly large in the low-fre-
quency region. At 50 Hz, for example, the phase difference is
about — 10°. This phase response was also sent to the VAX
11/780 and used for calibration when the iniensity was cal-
culated by use of Eq. (1). '

D. Test soundboard and measurement conditions

The shape and dimensions of a test soundboard of a
Steinway model L (6-ft) grand piano are shown in Fig. 4.
The measurement was performed on a soundboard with 2
rim and a brace, but without a casi-iron plate and strings.
Table I shows the measurement conditions for four different
measurement types. Measurement types I-IV cover the fre-
quency range of 10 Hz-5.4 kHz. The measurement poinis
and the areas of measurement are common for measurement
types I and IT and for measurement types 111 and IV. They
areshownin Fig. 4. The shaded area in Fig. 4 iz the measgre-
ment area for measurement types 111 and IV, The rezaon
using 2 smaller measurement area for measuremer &5
and IV ihan for measurement types I and 1 s to keep the
number of measurement points within a reasonab]
the reduced mesh size. Approximately one-third af the
whoie area of the soundboard (top side only} at the lower
right corner was chosen so that it included the dri
for measurement types III and IV. The two ¢ curves
shown ins the figure are the bass and treble bridges. The inter-
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FIG. 2. Device used to calibrate the phase
differences between the accelerometer and
the microphone.
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sections of thick lines are the measurement points for mea-
surement types I and 11, and dots on the bridge mark the
driving points D,, D,, and D,. Strings for key numbers 41
(C#), 44 (E5), and 61 (As) cross the bridges at points D,
D,, and D, respectively.

1l. RESULTS AND DISCUSSION

A. Vibration characteristics

The information about mode shapes and frequencies is
very important in understanding the vibration characteris-
tics of the soundboard, as well as the radiation characteris-
tics. Figure 5 shows 4(w) and P(w) at ten measurement
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FIG. 3. Phase difference between the accelerometer and microphone re-
sponses.
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points in the frequency range of 10-210 Hz. In this frequen-
cy range, the two kinds of frequency response functions look
very similar to each other. The numbers shown around the
peaks of 4(w) (top graph of Fig. 5) are the assigned mode
numbers for the modal analysis. (The numbers shown in the
bottom graph of Fig. 5 are explained in Sec. II B.) The mode
shapes obtained by applying modal analysis to the accelera-
tion responses are shown in Fig. 6.

The first vibration mode (49.7 Hz) is very simple and
similar to the vibration of a trampoline. This mode will be
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FIG. 4. Top view of the soundboard. The shaded area is the measurement
area for measurement types III and 1V; D,, D,, and D; are the driving
points.
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TABLE 1. Measurement conditions.

Number of Mesh
Frequency Driving Area of measurement . size
Measurement range point measurement points (cm)
I 10-210Hz D, . 150 10
1 200-600 Hz D, $ Fig. 4 150 10
I 600 Hz to 2.2 kHz D, Shaded area in Fig. 4 193 . 5
v 2.2-5.4kHz D, ; ' . 193 5

denoted as (0,0) mode indicating that it has no nodal lines
either in the width direction or in the length direction. The
2nd mode (76.5 Hz) is the first “breakup” mode in the
length direction [ (0,1) mode]. The two points near the top
right corner of the soundboard are on the bass bridge and
show larger amplitudes than the others (this is also true for
3rd and 5th modes). The 3rd mode (85.3 Hz) is similar to
the 2nd mode except that the former has a large amplitude
along the edge. This mode disappears when several 25-Ib
bags of lead shot are put on the rim. This fact indicates that
the 3rd mode is caused by the rim resonance. (The words
“rim resonance” may not be correct since the rim and the
soundboard are interrelated. This term, however, is used
here to mean a mode which disappears when the rim is
damped.) The 4th mode (116.1 Hz) is the first “breakup”
mode in the width direction [(1,0) mode]. The 5th mode
(135.6 Hz) is a pattern having two nodal lines in the length
direction that are not parallel to the keyboard. The 6th mode
(161.1 Hz) is a well-defined (1,1) mode. The first six modes
have an average spacing of approximately 22 Hz between
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FIG. 5. Acceleration- (a) and pressure- (b) frequency response functions

at ten measurement points for measurement type I. 4, = 1/kg; P, =1/

m?.
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adjacent modes. The dampings (loss factors) of the modes
are very small. They are 0.064 for the first mode and approx-
imately 0.02-0.03 for the higher modes.

The vibration characteristics shown above are expected
to help us understand the radiation characteristics in the
low-frequency range. Only a few distinct resonances are ob-
served above 200 Hz, and the application of modal analysis
becomes less meaningful. The Chladni method or the optical
holography technique is more appropriate for the observa-
tion of the vibration patterns in the mid- to high-frequency
region.

B. Intensity pattern

The accuracy of the surface-intensity measurement de-
pends on the accuracy of the phase calibration of the trans-
ducers and the phase difference between the velocity and the
sound pressure on the surface. If the sound field is highly
reactive, the accuracy of the measurement decreases. If the
sound radiation is more efficient, a more accurate result is
available for a given phase calibration accuracy. For the
analysis of the intensity pattern in the frequency range of 10—
210 Hz (measurement type I), six frequency points were
chosen at which the radiation efficiency was large enough to
ensure the accuracy of the intensity calculation. These points

T
e SN
"_‘.\‘\“:@ .

FIG. 6. Mode shapes of the first resonances. They are at 49.7 Hz ($#1), 76.5
Hz (#2), 85.3 Hz (#3), 116.1 Hz (#4), 135.6 Hz (#5), and 161.1 Hz (#6).
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Below 80 or 90 Hz, the sound field is very reactive and
the present measurement system does not have enough accu-
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Fig. 5. For measurement types II-IV, the choice of frequen-

ciesis arbitrary. Intensity patterns for measurement types I-
IV are shown in Figs. 7-10. It should be noted that the inten-
sity given by Eq. (1) is a time-averaged intensity rather than

an instantaneous intensity. Also, the intensity pattern is de-

are indicated by the numbered arrows in the bottom graph of
pendent on the driving point as well as the frequency.

FIG. 7. Relative intensity patterns at 107 Hz (#1), 128 Hz (#2), 147 Hz
(#3), 168 Hz (#4), 192 Hz (45), and 209 Hz (46). The driving point (D,)
is shown by dots. The locations of these frequencies are shown in the bottom

of Fig. 5.
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and 4.99 kHz (#6).
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»

FIG. 10. Relative intensity patterns at 2.64 kHz (#1), 2.91 kHz (42)
Hideo Suzuki: Vibration of a piano soundboard

kHz (#3). 3.95kHz (#4)
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FIG. 8. Relative intensity patterns at 254 Hz (#1), 307 Hz (#2), 348 Hz
(#3), 375 Hz (#4), 412 Hz (#5), and 493 Hz (#6).
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than appears from the modal vibration patterns. The fact
that the frequencies, at which the radiation efficiency is
large, are not at or near the resonance frequencies of the
board but near the midpoints among them may be explained
by assuming that: (1) the cancellation of sound from differ-
ent areas of the soundboard surface is the determining factor
of radiation efficiency; and (2) the volume velocity of the
soundboard vibration becomes large when two modes inter-
fere strongly. The intensity patterns at higher frequencies in
measurement type I have small areas with negative intensity,
and the radiation efficiency is greater in this range. It is inter-
esting that the intensity at the driving points (shown by the
dots in Fig. 7) is not necessarily positive, It is expected that
the sound energy absorbed into one area of the soundboard is
partly consumed as a mechanical loss and partly transmitted
from other areas of the soundboard.

The intensity patterns above 200 Hz (Figs. 8-10) have
smaller areas with negative intensities, indicating that the

“short-circuit™ effect decreases as the wavelength in the air_

becomes close to the wavelength in the soundboard. The
directional characteristics of spruce (main wood used for the
soundboard) and the existence of the stiffeners and the
bridges affect the sound velocities in different directions.
Therefore, there is no single frequency above which the
wavelength in the air is always smaller than the wavelength
in the soundboard. The intensity patterns above around .3
kHz are not smooth, indicating that the unit distance of 5 cm
between adjacent measurement points is not small enough
. above this frequency region. Also, the area of sound radi-
ation is not limited in the area of measurement types IIT and
IV even in the high-frequency region above 5 kHz.

Since the intensity patterns (and obviously the vibration
patterns) change in a very complex manner as the frequency
varies and since it is difficult to evaluate the performance of

the soundboard from this information, the vibration and the
radiation characteristics (responses as a function of frequen-
cy) will be investigated as integrated quantities over the
measurement area in the following sections.

C. Radiated power

The radiated power from the measurement area S is cal-
culated by ’

W,=JIdS. )
Y

The responses of the radiated power for the four measure-
ment types are shown in Fig. 11 when the soundboard is
driven by a force of 1 N at points D,, D,, or D;. (The driving
force of 1 N was only mathematically achieved but not in the
real experiment.) As mentioned before, the area of measure-
ment S'is the entire top surface for measurement types I and
I1, and the shaded area in Fig. 4 for measurement types III
and I'V.

The power radiated below 80 Hz is very low (i.e., the
sound field is very reactive) except at the first resonance of
the soundboard, and the accuracy of the measurement sys-
tem in this region is not enough for the intensity or power
measurement. In the frequency range of 100-600 Hz, the
radiated power becomes large at frequencies of the sound-
board resonances.

The power response, however, does not show an increas-
ing or decreasing trend as a function of frequency. Above
600 Hz, the deviation of the radiated power is small. This is
expected from the vibration characteristics since they do not
have distinct peaks with large quality factors in this region.
In the region 600 Hz-2.2 kHz, the power seems to increase
gradually as a function of frequency and, above 2.2 kHz, it is
almost constant.
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D. Radiation efficiency

Since a constant-force excitation is different from a con-
stant-power excitation, the power response can be viewed
from a different point of view when it is normalized to the
input power W, such as

n=W,/W;, (3)
where
W, =Re[F,(v,)*]/2. (4)

The input power W, (w) for the unit force excitation is calcu-
lated from the measurement of the driving force F, and the
driving-point acceleration a, ( =jwv,). The input power
W, (w) for this case will be shown in Sec. IL E. The ratio of
the power to the input defined by Eq. (4) will be called the
radiation efficiency for convenience. It should be remem-
bered, however, that the radiation efficiency never becomes
1.0 even if 100% of the input energy is converted to sound
energy, because the measurement area covers only a part of
the entire radiating surface.

Figure 12 shows the radiation efficiency for the four
measurement types. In the frequency range of 100-600 Hz,
the radiation efficiency fluctuates significantly as a function
of frequency. It is approximately 0.15 on an average basis.
The frequencies at which the radiation efficiency becomes
large do not necessarily correspond to the frequencies with
large radiated powers. A radiation efficiency of 0.15 in the
low-frequency region seems to be very large considering the
fact that the power radiated from only the top side of the
soundboard is taken into account. The result of measure-
ment type IIT shows that the radiation efficiency has several
distinct peaks below 1 kHz. The average efficiency is approx-
imately 0.1 in this region. Then, the response becomes

1579 J. Acoust. Soc. Am., Vol. 80, No. 6, December 1986
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smooth and gradually increases approaching approximately
0.16 at around 1.8 kHz. Since the area of measurement for
measurement types III and IV is approximately one-third
that of measurement types I and II, the sound radiation is
probably more efficient for measurement types I11 and IV
than for measurement types I and II. The transition range
from less efficient to efficient sound radiation is 1-1.6 kHz.
This may correspond to the frequency region where the
sound wavelength in the air becomes shorter than the wave-
length in the soundboard. The sound wavelength in the air is
inversely proportional to the frequency, whereas the wave-
length in the soundboard is inversely proportional to the
square root of the frequency if the complexity of the effect of
the ribs and the directional characteristics of spruce are ne-
glected. Therefore, at some frequency, the former wave-
length eventually becomes shorter than the latter and, above
this frequency, the radiation becomes very efficient.

E. Input power

The radiation efficiency ranges from 0.1-0.4 for mea-
surement types I and I1, and from 0.05-0.2 for measurement
types III and IV. The radiation efficiency varies by only a
factor of four for both cases. Therefore, if the frequency inde-
pendence of the radiated power is a desired goal, the input
power must be also frequency independent. (If the radiated
power is strongly frequency dependent, the spectrum distri-
bution may change significantly from note to note.)

Equation (4) is rewritten as
W, =Re[ y¥]-|F.l"/2, (5)
where y, = v,/F, is the driving-point admittance. Equation
(5) indicates that both the real part of the driving-point ad-
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mittance and the driving force must remain constant, or the
product of the two must be constant in order to make the
input power independent of the frequency. The input power
responses for measurement types I-IV are shown in Fig. 13
for the unit force excitation (1 N).

In the low-frequency region (measurement types I and
1I), the input power increases significantly at the resonance

FREQUENCY (HZ)

frequencies of the soundboard (except for the cases when the
driving point is on or near the nodal line of a particular
mode). Very sharp peaks are still observed below 1.2 kHz in
measurement type III. Above this frequency, the input pow-
er shows a more gradual change. The radiated power re-
sponse is smoother than the input power response below 1.2
kHz due to the “smoothing effect” of the radiation charac-
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teristics; that is, radiation is less efficient at the soundboard
resonances. This may be a desirable radiation characteristic
for the smooth change of tone from note to note.

F. Normalized radiation resistance

Another way of looking at the efficiency of sound radi-
ation is the normalized radiation resistance. The normalized
radiation resistance R is defined here by

R= W,/(chldes), (6)

where W, is the radiated power from the area of measure-
ment, p is the air density, ¢ is the sound velocity, and v
( = a/ jw) is the velocity of the soundboard at the surface
element dS. The normalized radiation resistance is an index
of the efficiency of radiation per unit area. Therefore, it is
more meaningful to compare the radiation resistance for
measurements with different measurement areas than to
compare the radiation efficiencies defined by Eq. (3). The
results are shown in Fig. 14. Roughly speaking, the radiation
resistance is approximately 0.3 in the range of 160-600 Hz.
There is a discontinuity of the radiation resistance from mea-
surement type II and measurement type III probably due to
the differences of the driving point and the measurement
area. There is a sharp rise of the normalized radiation resis-
tance in the range of 1--1.4 kHz from approximately ¢.5-1.0.
This transition is more clearly seen in the normalized radi-
ation resistance than in the radiation efficiency. This indi-
cates that the normalized radiation resistance is a useful in-
dex as a measure of the efficiency of radiation. The
normalized radiation resistance seems to gradually decrease
above 4 kHz. One possible reason for this is that there might
be a phase measurement error of the surface pressure due to
the finite distance between the microphone and the sound-
board. Another possibility is that the relative phase differ-
ence between the acceleration and pressure transducers is
not negligible in the high-frequency region as it is in the low-
frequency region. In any case, it can be said that the radi-
ation is efficient in the frequency range above 1.4 kHz. The
critical frequency of an ideal 6-mm-thick soundboard with
Young’s modulus E = 1.4 X 10'° N/m” (in grain direction)
and density p = 400 kg/m” is approximately 1.8 kHz. The
above values of the Young’s modulus and the density were
obtained by measuring a plank of spruce for a soundboard.
The calculated frequency is approximately 30% higher than
the measured frequency at which the normalized radiation
resistance is approximately equal to unity.

Ili. CONCLUSION

The vibration and radiation characteristics of a sound-
board (with a rim and braces) used for a 6-ft grand piano
were investigated from below 100 Hz-5.4 kHz. The vibra-
tion characteristics were analyzed using the modal analysis
method, and the radiation characteristics were studied by
use of the surface intensity method. The soundboard used for
the study shows six or seven major resonances below 210 Hz.
The first (0,0) mode is at approximately 50 Hz, and its mod-
al shape looks like a trampoline. The 2nd and 3rd modes are
the first “breakup” modes in the length direction, that s, the
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(0,1) mode. The difference between them is that the 3rd
modeis caused by a rim resonance. The 4th modeis the (1,0)
mode showing one nodal line in the width direction. The
(0,2) and (1,1) modes follow in this order. The average
modal density is approximately one per 22 Hz.

The time-averaged intensity patterns were shown for
different frequencies between 100 Hz-5 kHz. The area with
negative intensity gradually decreases as the frequency rises
indicating an increase in radiation efficiency. The areas with
large intensity change in a complex manner as the frequency
varies.

The responses such as radiated power, input power, ra-
diation efficiency, and normalized radiation resistance were
calculated as a function of frequency. The radiation is very
inefficient below 80 Hz due to the cancellation of the sounds
produced by the top and bottom surfaces of the soundboard.
Therefore, the discussion of the sound radiation is limited to
frequencies above 80 Hz.

The input power increases significantly at the resonance
frequencies below 1.2 kHz. The radiated power, however, is
moderated at those frequencies due to the fact that the radi- .
ation efficiency is mostly smaller at the resonances than at
other frequencies. The radiation efficiency is highly frequen-
cy dependent for frequencies below approximately 1.2 kHz,
and then it levels out. The normalized radiation resistance
[defined by Eq. (5) ] shows a significant increase in the fre-
quency range between 1 and 1.4 kHz, indicating that the
transition from fairly efficient to very efficient radiation oc-
curs in this region. Below 1 kHz, the normalized radiation
resistance is approximately 0.3-0.5 and, above 1.4 kHz, it
approaches 1.0. The fluctuation of the radiation efficiency
was roughly a factor of four for all measurement cases.
Therefore, a sound power output with a fairly small fluctu-
ation can be achieved if the input power to the soundboard is
independent of frequency. Since the input power is propor-
tional to the driving-point conductance (real part of the
driving-point admittance) when the soundboard is driven by
a unit force, the driving-point conductance is a useful index
to estimate the consistency of the radiated power. The spec-
trum of the force applied to the soundboard by strings may
be studied experimentally or theoretically.

The present study revealed some important properties
of the vibration and radiation characteristics of a piano
soundboard, even though the measurement conditions such
as the measurement area, number of measurement points,
driving points, and frequency ranges were limited. Similar
measurements should be performed on a complete piano, so
that the effects of the strings, the dampers, and the plate are
taken into account.
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