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INTRODUCTION

Wooden musical instruments have been developed 
over the history of mankind.  Wood is often used as a 
sounding material for its relatively easy machinability, 
unique resonance, proper damping ratio, proper harmonic 
series and sound radiation features.  Although many kinds 
of wooden materials have been replaced by iron, plastic 
and other synthetic materials, wooden musical instru-
ments cannot be entirely replaced by other materials 
because of their unique sound color and acoustic proper-
ties. 

It is generally recognized that wood is lightweight and 
its elastic modulus is relatively high compared to other 
materials.  Many researchers (Kang et al., 2008; Kang 
and Jung, 1988; Norimoto, 1982, 1987; Okano, 1991; You 
and Jung, 1997; Yano, 1992) reported that the ratio of 
the modulus of elasticity to wood density greatly influ-
ences the acoustic properties of wood.  Western wooden 
musical instruments like the violin, cello, xylophone and 
marimba use a wooden sounding board.  A xylophone is 
classified as a percussive musical instrument though it 
has a keyboard.  In general, percussive musical instru-
ments cannot produce pitch, but the xylophone can.  This 
pitch is generated by the percussion of different sizes of 
wood sounding keys.  Therefore, the xylophone’s pitch 
varies by the size, weight and vibrational properties of the 

wooden keys.  The marimba has a relatively wide range 
of six octaves provided by a rosewood board, and it can 
create rich and beautiful sounds via a sound box.

Sounding boards or musical instruments were some-
times traditionally treated with heat to improve acoustic 
properties.  However, the research regarding the influ-
ence of heat treatment conditions such as heating tem-
perature, heating time and heating method on wooden 
musical sounding boards was rarely observed.  Tjeerdsma 
et al. (1998) reported that the heating temperature is 
the most influential parameter of heat treatment for wood.  
Wikberg and Maunu (2004) reported that the wood struc-
ture was condensed by heat treatment because cellulose 
crystallinity increases due to the degradation of amor-
phous cellulose, and the lignin structure change and the 
reduction in methoxyl group content. Kim et al. (2011) 
adopted low temperature heat treatment to modify the 
acoustic properties without seriously degrading wood 
components and to improve the acoustic properties of 
sounding materials.  With this treatment, degraded hemi-
celluloses change the hygroscopic behavior of wood, 
which in turn decreases the equilibrium of the moisture 
content. Yano et al. (1986, 1990) reported that the 
changes in the hygroscopic behavior of wood contribute 
to more stable acoustic properties. 

Norimoto (1982) indicated that sounding boards 
described as good by a piano expert have a low ratio of 
internal friction to dynamic MOE (Q–1/E’), and this value 
correlates well with the ratio of dynamic MOE to density, 
E’/ρ. Here the dynamic MOE value is calculated from the 
resonant frequency, sample size and density with 
Hearmon’s equation (1966).

From these results, to estimate the influence of heat 
treatment on the wooden xylophone sounding board, we 
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estimated the changes in acoustic properties caused by 
heat treatment with comparison between control and 
treated specimens.  This study was limited to small spec-
imens and to determining the changes in acoustic proper-
ties such as resonant frequencies and logarithmic decre-
ment of heat–treated wood for a xylophone sounding 
board.  Furthermore, we evaluated the influence of heat 
treatment temperature for wooden xylophone keyboards.

MATERIALS AND METHODS

Preparing Specimens
 Three different species were selected for this study: 

Japanese red pine (Pinus densiflora), Northern red oak 
(Quercus rubra) and Yezo spruce (Picea jezoensis).  
Air–dried boards 30 mm in thickness were obtained and 
oven–dried at 103±2°C.  They were cut and four–side 
planed into long pieces with width of 24 mm and thick-
ness of 11 mm.  Eight defect free and straight–grained 
specimens of each species were cross–cut from the long 
pieces.  Their lengths differed to produce various 
pitches, ranging from 148 mm to 211 mm in intervals of 
9 mm (Table 1).  The dimensions of the specimens were 
calculated from a commercially available wooden xylo-
phone whose notes ranged from a 5th octave “Do” to a 
6th octave “Do” (Figure 1). 

Measuring oven–dry densities
The oven–dry densities of the specimens were cal-

culated by using Eq. [1].  Their oven–dry volumes were 
obtained from their dimensions, and their oven–dry 
weights were measured after cross–cutting. 

ρod = Wod/ Vod –––––[1]

where ρod is an oven–dry density (g/cm3), Wod is an 

oven–dry weight and Vod is an oven–dry volume.

Heat treatment 
Heat treatment was carried out in a laboratory type 

heating unit with internal dimensions of 700 × 800 × 
600 mm, which was controlled to an accuracy of ±1°C 
under atmospheric pressure.  The maximum heating tem-
perature of the unit was 220°C , and the air velocity on 
the stacks was 4 m/s.  Relative humidity was not control-
led.  Two different temperature schedules were adopted 
for heat treatment: for HT170, temperature was raised 
from ambient to 120°C over an hour, was raised to 170°C 
over five hours, and then the temperature of 170°C was 
continued for 2 hours; for HT190, temperature was raised 
from ambient to 120°C over an hour, was raised to 190°C 
over 3 hours, and then the temperature of 190°C was 
continued for 2 hours (Figure 2).  All specimens were 
heat treated four times, three times with HT170 and the 
last time with HT190.

Acoustic signal analysis
 The acoustic properties of wood are influenced by 

its dynamic modulus of elasticity and damping ratio.  The 
dynamic modulus of elasticity is proportional to the res-
onant frequencies of wood.  These resonant frequencies 
of wood specimens were estimated from the transverse 
vibration of the small wooden board with xylophone stick 
free fall tests.  The apparatus setup for signal acquisition 
consists of a condenser microphone (Cirrus MK224, 
England) and a digital oscilloscope (Tektronix DPO4034 
250 MHz, Japan).  The specimen was put on a base plate 
and supported by soft sponge to prevent reflecting waves 
from the floor as shown in Figure 3.  The microphone was 
15 cm from the sample specimen, and the xylophone 
stick was dropped from 10 cm above the wooden sample 
specimen.  The microphone detected the signal from the 

Fig. 1.  A wooden xylophone. Fig. 2.  Heat treatment schedules used for this study.

Table 1.  The lengths of the specimens and their corresponding notes of a wooden xylophone

Specimen No. 1 2 3 4 5 6 7 8

Length (mm)a 211 202 193 184 175 166 157 148

Note of the wooden xylophone Do Re Me Fa Sol La Si Do
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wooden sample, the oscilloscope received this signal and 
a frequency response curve was achieved by FFT (Fast 
Fourier Transform) analysis.  This test was repeated three 
times for each specimen, and the obtained data were 
averaged.  From the spectral analysis, the resonant fre-
quency of each small wooden board was estimated.  We 
did not consider the influence of shear deflection or rotary 
inertia on the free flexural vibration of wooden boards 
caused by the difference in the ratio of sample thickness 
to length; we focused only on the influence of heat treat-
ment on the sounding board.  Also, to analyze the effect 
of heat treatment temperature on the resonant frequency 
of the wooden board, we compared changes in the reso-
nant frequency due to different heat treatment schedules.

In addition, we measured changes in logarithmic 
decrement of the wooden board by heat treatment.  
Experimental estimation of logarithmic decrement was 
based on the amplitude of two vibrations several cycles 
apart from the time domain amplitude decay curve, as 
shown in Figure 4.  The logarithmic decrement was com-
puted using Eq. [2]. 

δ =                 –––––[2]

where δ is logarithmic decrement, A is Amplitude, and 
ΔC is the wave number between A1 and A2.

RESULTS AND DISCUSSION

Effect of an oven–dry density on 1st resonance fre-
quency

Figure 5 shows a typical waveform of an acoustic sig-
nal obtained by the digital oscilloscope, and its frequency 
response curve.  From the power spectrum (the right 
graph in Figure 5), the resonance frequencies of the 1st, 
2nd, 3rd and so on, modes were obtained.

The 1st mode resonance frequencies of the control 
specimens are plotted in Figure 6.  Within a species there 
are highly correlative proportional relationships between 
the 1st mode resonance frequencies and the specimen 
number, which correspond to the various lengths of the 
specimens.  The oven–dry densities of the control speci-
mens were 0.37, 0.70 and 0.61 g/cm3 for spruce, red oak 
and pine, respectively.  Thus, it was revealed that higher 
oven–dry densities correspond to lower 1st mode reso-
nance frequencies at various lengths of the specimens.

Effect of heat treatment on the 1st mode resonance 
frequency

Table 2 lists the differences of the 1st mode reso-
nance frequencies between heat–treated and control 
specimens.  The 1st mode resonance frequencies decrease 
as the repetitions of heat treatment increase, and they 
show agreement with negative linear relationships (Figure 

Fig. 3.  �Schematic diagram of the apparatus set–up for measur-
ing the acoustic properties of the specimens.

Fig. 4.  A waveform of an acoustic signal.

ln(       )

ΔC

A1

A2

Fig. 5.  �A typical waveform and frequency response curve of an 
acoustic signal.

Fig. 6.  �Comparison of the 1st mode resonance frequencies between 
three species at various pitches.
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7).  Table 2 shows that the absolute values of the slopes 
of the linear regressions roughly increase with the 
increase of the 1st mode resonance frequencies of the 
controls.  This means that the shorter specimens having 
higher 1st mode resonance frequencies are more influ-
enced by the repetition of heat treatment.

Figure 8 shows that the differences between the 1st 
mode resonance frequencies of the H4 specimens (heat 
treated four times) and those of the controls increase as 
the pitches of the specimens increase for all species.  This 
confirms that the specimens of higher pitches are more 
affected by heat treatment.  Within a species, the spruce 

Table 2.  The differences of the 1st mode resonance frequencies between the heat treated and the control specimens

Species
Specimen 

no.

The 1st mode 
resonance frequency of 

the control

Repetition of  heat tretment Linear regression

H1 H2 H3 H4 Slope R2

spruce

1 1,370 0 –10 –20 –20 –7.0 0.9

2 1,440 –10 –20 –30 –30 –7.0 0.9

3 1,580 –20 –30 –30 –50 –9.0 0.9

4 1,780 –10 –30 –30 –50 –12.0 0.9

5 1,980 –20 –30 –40 –50 –10.0 1.0

6 2,070 –20 –40 –50 –60 –13.0 1.0

7 2,280 –10 –20 –20 –50 –12.0 0.8

8 2,660 –20 –40 –50 –60 –13.0 1.0

red oak

1 960 0 0 0 –10 –3.0 0.6

2 970 0 0 0 –20 –6.0 0.6

3 1,040 –10 –10 –20 –20 –4.0 0.8

4 1,140 0 0 0 –10 –3.0 0.6

5 1,290 0 0 –10 –20 –7.0 0.9

6 1,500 –10 –10 –20 –20 –4.0 0.8

7 1,560 20 10 –10 –20 –14.0 1.0

8 1,810 0 10 0 –30 –10.0 0.6

red pine

1 1,000 10 20 10 10 –1.0 0.1

2 1,280 0 0 0 –20 –6.0 0.6

3 1,020 0 0 0 0 0.0 0.0

4 1,630 10 0 –10 –20 –10.0 1.0

5 1,670 0 –20 –20 –40 –12.0 0.9

6 1,810 0 –10 –10 –30 –9.0 0.9

7 2,050 10 0 –10 –40 –16.0 0.9

8 2,530 10 –10 –20 –40 –16.0 1.0

Fig. 7.  �Relationship between heat treatment repetition and 1st mode resonant frequency of spruce, red 
oak and red pine.
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specimens were most affected by heat treatment at all 
pitches, while the red oak specimens were least affected.  

Effect of heat treatment on the amplitude of the 
resonance frequency

The amplitudes of the 1st mode resonance frequen-
cies range from 0.55 to 2.94 for spruce, from 0.23 to 1.34 

for red oak and from 0.23 to 1.75 for red pine (Table 3).  
This confirms that the spruce specimens make sounds 
more clearly than the others.  Within a species, the ampli-
tudes apparently increase with repeated heat treatment 
(Figure 9).  However, their correlations (R2) are poor, as 
seen in Table 3.

For all specimens except the controls of the lowest 
pitches (Specimen no. 1) of red oak and red pine, the 
amplitudes of the 1st mode resonance frequencies (about 
1,000 Hz) were higher than those of the 2nd mode reso-
nance frequencies (about 5,000 Hz) whether they were 
heat treated or not.  After the first heat treatment, the 
exceptional specimens, one of red oak also showed the 
same pattern (Figure 10).  This could confirm that heat 
treatment stabilizes the acoustic properties of wood.

Logarithmic decrement changes by heat treatment 
The logarithmic decrement of wood influences its 

acoustic properties.  Many researchers (Kang et al., 2008; 
Kang and Jung, 1988; Norimoto, 1982, 1987; Okano, 1991; 
You and Jung, 1997; Yano, 1992) reported that the wood 
used for good sounding boards has a high dynamic mod-
ulus of elasticity to density ratio and lower damping ratio.  

Table 3.  The differences of the amplitudes of the 1st mode between the heat treated and the control specimens

Species
Specimen 

no.
Con

Repetition of  heat tretment Linear regression

H1 H2 H3 H4 Slope R2

spruce

1 1.74 1.72 1.80 2.30 2.94 0.30 0.80

2 1.79 1.79 2.23 2.17 1.98 0.07 0.34

3 0.73 1.11 1.43 2.63 1.50 0.31 0.47

4 1.39 1.45 1.43 2.44 1.64 0.15 0.28

5 2.04 1.76 0.82 2.00 2.17 0.05 0.02

6 1.77 1.11 1.12 1.11 2.12 0.07 0.05

7 090 0.87 0.82 0.77 1.60 0.13 0.36

8 1.22 0.55 0.88 1.15 1.30 0.08 0.16

red oak

1 0.35 0.61 0.50 0.41 0.48 0.01 0.01

2 0.30 0.66 0.53 0.44 0.50 0.02 0.05

3 0.33 0.51 0.42 0.23 0.71 0.05 0.17

4 0.46 0.55 0.78 0.68 0.63 0.05 0.39

5 0.79 0.71 0.66 1.34 0.99 0.10 0.35

6 0.94 0.67 1.00 1.34 1.10 0.10 0.41

7 0.50 0.60 0.84 1.13 0.72 0.10 0.38

8 0.85 0.68 0.47 0.89 0.85 0.02 0.04

red pine

1 0.23 0.82 0.35 0.51 1.06 0.13 0.39

2 1.01 0.66 1.44 1.70 1.46 0.19 0.54

3 0.26 0.84 0.39 0.35 0.84 0.07 0.14

4 1.55 0.71 1.16 1.43 1.75 0.11 0.20

5 1.51 0.81 1.42 1.44 1.30 0.02 0.01

6 1.02 1.02 0.70 1.14 1.36 0.08 0.28

7 1.44 0.96 0.72 0.78 0.98 –0.11 0.37

8 0.95 0.88 1.20 1.13 0.74 –0.02 0.02

Fig. 8.  �The differences of the 1st mode resonance frequencies 
between the H4 and the control specimens.
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Damping ratio, internal friction and logarithmic decre-
ment are related to energy which is converted to heat 
when a body is vibrated by external force.  Norimoto 
(1982) indicated that a sounding board described as good 
by a piano expert shows a low ratio of internal friction to 
dynamic MOE (Q–1/’).  In this study we estimated the 
logarithmic decrement change of wood resulting from 
heat treatment.  In spruce, logarithmic decrement is not 
significantly altered by heat treatment for specimens no. 
1, 2, 4 and 6, as shown in Figure 11 and Table 6.  However, 
the logarithmic decrement of specimen no. 3 decreased 
and then increased depending on repetition of heat treat-
ment.  Therefore, heat treatment has no consistent effect 
on logarithmic decrement in the wooden xylophone key-
board.  In the case of red oak, the logarithmic decrement 
increased with repeated heat treatment in the low fre-
quency range, but this trend inverted such that the loga-
rithmic decrement decreased in the high frequency range.  
Finally, in the case of pine, the logarithmic decrement 
increased as a result of heat treatment in both frequency 

ranges, but less so in the high frequency range.  Norimoto 
(1987) reported that the damping ratio was mainly influ-
enced by the S2 layer orientation of the cell wall.  These 
results indicate that heat treatment may causes changes 
in microscopic cell wall orientation and logarithmic dec-
rement of heat–treated wood.

CONCLUSIONS 

The effect of heat treatment on the acoustic proper-
ties of three species with different densities (spruce, red 
oak and red pine) was studied by investigating the reso-
nant frequencies, resonant amplitudes and logarithmic 
decrements using the free vibration method.  The follow-
ing conclusions were obtained:
1. 	For all three species, the 1st mode resonance fre-

quencies of the control specimens were reversely influ-
enced by the oven–dry densities at all pitches.

2.	 The 1st mode resonance frequencies decreased with 
repeated heat treatment, and the higher pitch speci-

Fig. 9.  �The resonant amplitude changes by heat treatment on the 1st resonant mode of spruce, red 
oak and red pine.

Fig. 10.  Comparison of control and heat treated wood on the resonant amplitude of red oak.
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mens were more affected.
3.	 The spruce specimens were most affected by heat 

treatment at all pitches, while the red oak specimens 
were least affected.

4.	 The power spectrum intensities of the 1st mode reso-
nance frequencies ranged from 0.55 to 2.94 for spruce, 
from 0.23 to 1.34 for red oak and from 0.23 to 1.75 for 
red pine.  This confirms that the spruce specimens 
made sounds more clearly than the others.

5.	 The specimens with higher resonant amplitudes at 
the 2nd mode resonance frequencies than those at the 
1st mode were stabilized by heat treatment.

6.	 Effects of heat treatment on the logarithmic decre-
ments of acoustic signals varied depending on the spe-
cies and pitch.
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Fig. 11.  �Logarithmic decrement changes due to the heat treated specimens of spruce, red oak and 
red pine.

Table 4.  �Logarithmic decrement changes due to the heat treat-
ment on the sample specimen

Specimen no.

Species

Yezo spruce
Northern 
red oak

Japanese 
red pine

1 ○ ▲ △
2 ○ ▲ △
3 ▼ ▲ ▼
4 ○ ▲ ○
5 △ △ ○
6 ○ ▼ ○
7 △ ▼ ○
8 △ ▼ ○

○:not changed, ▲:increased, △:increased and then decreased, 
▼:decreased


