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Improvement of Acoustic Properties of Alder and Soft
Maple Modified with Wood Rot Fungi

Min-ji Kim,? Suk-Yun Jang,” Kug-Bo Shim,? Chul-Ki Kim,** and Su-Yeon Lee ®*

Wood has been used as the primary material for musical instruments for
a long time. The density and elastic modulus of wood are known to be
important factors in determining its acoustic properties of stringed
instruments. The objective of this study was to show that fungal decay
processes can be applied to improve the acoustic quality of the woods.
The effects of biological modification of two woods, alder and soft maple,
which were treated with wood rot fungi, were evaluated in terms of density
(o), dynamic modulus of elasticity along the wood grain (EL), acoustic
constant (A), and acoustic conversion efficiency (ACE). Incubation of two
woods in eight species of wood rot fungi was carried out for 4 weeks.
Among the fungi, Trametes versicolor and Ceriporia lacerata significantly
increases the A (33.0% and 21.0%, respectively) and ACE (50.4% and
37.6%, respectively) values of alder woods. These two strains also
increased the A (51.4% and 29.1%, respectively) and ACE (42.4% and
35.3%, respectively) values of soft maple. This study showed that fungal
treatment significantly altered the density and elastic modulus of wood,
which ultimately influenced the factor A value and the ACE value, both of
which determine sound quality.
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INTRODUCTION

Wood is the most widely used material for musical instruments in human history.
Even in the case of stringed instruments, although the strings are not wooden, the vibrations
generated by rubbing or plucking strings are amplified by a wooden resonator, which
serves to radiate the vibrations of strings to the outside (Dunlop and Shaw 1991).

Antonio Stradivari violins made in the 17" to 18" century have historically been
evaluated as having good tonal quality (Schwarze and Schubert 2011). Consequently,
numerous studies have been conducted to investigate the reason behind this phenomenon.
The high elasticity and low density of wood improve the acoustic properties (Wegst 2006).
According to a wood dendrochronology study, the low density and high elasticity of
Sycamore maple trees grown during the Little Ice Age in the late 17 century were the
cause of the exceptional tonal quality observed in Stradivari instruments (Topham and
McCormick 2000).
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The decay of wood by fungi may have been a contributing cause of the excellent
acoustic properties of string instruments (Schwarze et al. 2008). For studies on the
improvement of wood acoustic characteristics resulting from fungal damage, white rot
fungi (Physisporinus vitreus) have been relatively well-studied (Spycher 2007). Previous
studies show that isolates of P. vitreus have an extraordinary capacity to induce substantial
permeability changes in the heart wood of Picea abies without causing significant loss of
impacting bending strength (Spycher 2007; Schwarze and Schubert 2011). Nevertheless,
given that only a limited number of additional fungal strains have been investigated (Culik
et al. 2016; Danihelova et al. 2019), further research is needed.

The acoustic properties of wood can be evaluated through various indicators. The
ratio of sound speed and the density of wood are called the radiation ratio (R) or acoustic
constant (A) and are used as acoustic parameters (Haines 1979; Spycher 2007; Meincken
etal. 2021). Attenuation is the rate at which the amplitude of a wave decreases. Attenuation
is also an important indicator of the acoustic properties of wood (Dunlop and Shaw 1991;
Spycher 2007). Generally, the reciprocal of the logarithmic decrement is used as the Q
factor (Quality factor) (Green 1955). Acoustic conversion efficiency (ACE) is an indicator
for expressing amplitude and attenuation simultaneously and can be expressed as the
product of the A and Q factors (Danihelova et al. 2019).

This study aimed to investigate the improvement of wood acoustic constant A and
ACE by domestic white rot fungi. To quantify these acoustic properties, the density
changes of the woods were measured, and the resonant frequency of wood was measured
using the frequency response function method, from which A and ACE values were
subsequently calculated.

EXPERIMENTAL

Wood Specimen Preparation

Two species of wood were included in this study, respectively: alder (Alnus sp.)
and soft maple (Acer sp.). The experiment used five samples produced from each wood
species. Wood specimens were manufactured by cutting into 150 x 20 x 10 mm size pieces
with a length of 150 mm in the axial direction. These manufactured specimens were then
weighed after 48 h in a drying oven at 60 °C. Subsequently, the wood specimens were
sterilized at 121 °C for 30 min using a high-pressure sterilizer before the decay test.

Wood Rot Fungi Culture and Wood Decay Test

A total of eight wood-rotting fungal species were utilized in the experiment, as
detailed in Table 1. Each strain was introduced into the solidified medium by adding 300
mL of Potato Dextrose Agar (PDA) into a 250 mm square dish. Following approximately
one week, when the medium was fully colonized by the fungi, a sterilized wood sample
was placed into the medium and incubated at 25 °C for 8 weeks. Samples were taken at 4
weeks during which the wood samples were harvested to eliminate surface hyphae and then
dried at 60 °C for 48 h. The dry weight of the specimens was measured to determine their
density, and the weight loss rate of the culture was calculated based on the initial weight
before incubation.
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Table 1. List of Wood Rot Fungi Used in the Experiment

Order Family Species ID
Polyporales Irpicaceae Ceriporia lacerata NIFOS*5039
Irpex lacteus NIFOS*5046
Meruliaceae Phlebia acerina NIFOS*5023
Phanerochaetaceae Phanerochaete chrysosporium NIFOS*5063
Phanerochaete sordida NIFOS*5031
Podoscyphaceae Abortiporus biennis NIFOS*5013
Polyporaceae Pycnoporus coccineus NIFOS*5019
Trametes versicolor NIFOS*5017

* NIFOS : National Institute of Forest Science

Resonant Frequency Measurement of Decay Treated Wood

The wood specimen was positioned on a pedestal with an 80 mm interval (Spycher
2007), and the resonance frequency (Fr) of the wood specimen and the frequencies (F1, F2)
at the two points where the amplitude was halved at the Fr peak were determined using the
Frequency Response Function (FRF) technique (Fig. 1). The FRF analysis was performed
employing a dynamic signal analyzer (Data Physics, CA, USA), accelerometer, and impact
hammer. Data analysis was carried out using the SignalCalc 240 software (Data Physics,
CA, USA).

Impact hammer

Accelerometer
 —

Wood strip (150 x 20 x 10 mm)

80 mm

Fig. 1. Outline of wood resonant frequency measurement method

Calculation of Wood Acoustic Properties

The acoustic constant (A), dynamic modulus of elasticity (EL), sound quality factor
(Q), and acoustic conversion efficiency (ACE) were all determined based on the
experimentally derived data. A is expressed as the speed of sound (c, m/s) divided by the
density of wood (p, kg/m?) (Haines 1979). According to Rajéan (1998), A can be utilized
to compute the dynamic modulus of elasticity (EL) of wood from its density (p) as shown
in Eq. 1.

A=,E/p? )
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The speed of sound can be determined by multiplying the density of wood in the
aforementioned formula. Additionally, the dynamic modulus of elasticity can be calculated
using the Fr value, length (£), and density of wood, as demonstrated in Eq. 2 (Wegst 2006;
Culik et al. 2016).

EL = 42F2p )

The Q factor and ACE are parameters that account for the attenuation of vibrations
in wood. They are derived from the logarithmic decrement (o) of wood. As stated by Raj¢an
(1998), the calculation of ¢ is expressed as follows (Eq. 3):

_ . kR

6= 5 E 3)

The attenuation coefficient () can be calculated as the logarithmic decrement (J)
divided by the mathematical constant pi () (EQ. 4).

n=a6/n 4)

The Q factor is the inverse of the attenuation coefficient (Eq. 5). The Attenuation
Coefficient Efficiency (ACE) is defined as the multiplication of A and the Q factor
(Danihelova et al. 2019; Eq. 6).

Q=1/n )
ACE=AxQ (6)

The significance of the experimental group and control group in relation to the data
calculated for each acoustic characteristic was assessed using a t-test. Additionally, the
correlations between each characteristic were examined through correlation analysis.

RESULTS AND DISCUSSION

Change of Wood Density and EL

It has been stated that a lower density of wood used for musical instruments results
in a better acoustic quality (Schwarze and Schubert 2011). The densities of untreated
woods were determined as follows: alder 445.12 + 1.11 kg/m?®) and soft maple (548.94 +
0.11 kg/m®). These values did not show significant deviations from previous reports
(Niklas and Spatz 2010). Alder and soft maple woods are widely used to produce stringed
instruments such as guitars. In electric guitars, low density wood such as alder is suitable
for the body; medium density wood such as soft maple is used in body and neck
(Shirmohammadi et al. 2020).

After fungal modification for 4 weeks, the densities of alder woods were decreased.
Reductions of densities of alder woods by more than 20% after fungal treatment were
identified in A. biennis (354.07+ 9.30 kg/m?, 20.45%), T. versicolor (300.40+7.32 kg/m*
32.59%), P. coccineus (350.48+33.93 kg/m?, 21.26%) and C. lacerata (346.55+4.42 kg/m?®,
22.14%). The fungi used in this study belong to the group of white rot fungus that mainly
degrades hardwoods. However, no significant density changes were observed following
treatments with three fungi, P. acerina, L. lacteus, and P. chrysosporium (Fig. 2).

Density changes by eight fungi were confirmed in the soft maple. Decreased density
was demonstrated in A. biennis (429.29 + 7.15 kg/m?, 21.79%), T. versicolor (338.22 +
0.06 kg/m?, 38.38%), P. coccineus (444.53 + 18 kg/m?, 19.01%), and C. lacerata (409.36
+ 2.05 kg/m®, 25.42%). In both experiment groups of alder and soft maple, the rates of
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density caused by fungi, T. versicolor, belonging to Polyporaceae family, is relatively
changed. The Polyporaceae group is the most representative order of saprotrophic
homobasidiomycetes causing wood decay, and high lignocellulolytic potential is
recognized (Lomascolo et al. 2011).

The dynamic modulus of elasticity (EL) of wood is shown to have a direct positive
correlation with the A, and therefore the higher the value, the better the acoustical quality
(Rajéan 1998). The dynamic modulus of elasticity shown in Fig. 3 was estimated by
measuring the resonant frequency (Fr) of a wood specimen long in the shrinkage direction
by referring to the method outlined by Spycher (2007) and Culik et al. (2016).
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Fig. 2. Density of wood species (alder and soft maple) by eight wood rot fungi for 4 weeks
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Fig. 3. Dynamic modulus of elasticity (EL) of wood species (alder and soft maple) by eight wood rot
fungi for 4 weeks
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In the untreated woods with fungi, the EL of soft maple (8.51 GPa) was higher than
alder (7.24 GPa). The EL of alder (9.5 GPa) and soft maple (12.6 GPa) are also specified
in the wood handbook (wood handbook 2021). After 4 weeks, the overall EL had decreased
in all wood species, when all treated samples and control group were compared (Fig. 3; p
< 0.05).

Generally, the density and EL of wood show a positive correlation with each other
(Niklas and Spatz 2010; Meincken et al. 2021). Therefore, due to the decrease in density
caused by the wood rot fungi, the values of EL are also decreased. The value EL of alder
woods were changed in T. versicolor (4.37 = 0.16 GPa, 39.72%), A. biennis (5.69 + 0.05
GPa, 21.44%), P. coccineus (5.32 + 0.02 GPa, 26.53%), and C. lacerata (5.18 £ 0.02 GPa,
28.44%). The values EL of soft maple woods were changed in T. versicolor (4.89 + 0.37
GPa, 42.55%), A. biennis (5.88 + 0.48 GPa, 30.86%), C. lacerata (5.88 £ 50.16 GPa,
30.83%), P. coccineus (6.54 + 0.30 GPa, 23.13%), and L. lacteus (6.53 £ 0.24 GPa,
23.28%).

Changes in Wood Acoustic Property (A) Indicators by Decay

The A values of the untreated woods are as follows: alder 9.06 + 0.03 m*/kg-s and
soft maple 7.18+ 0.06 m?*kg-s. The acoustic constant (A) of wood has been reported to
differ significantly between species. The A value of alder has been reported at 6.7 to 9.8
m*/kg-s (Saadat-Nia et al. 2011; Culik et al. 2016), whilst the values recorded in this study
were in a similar range. Also, the A value of maple has been reported to be in the range of
approximately 5 to 8.5 m#/kg-s, and the values of specimens used in the study were at an
average level in accordance with this (Spycher 2007; Culik et al. 2016).

The A value showed a tendency to increase due to decay from wood rot fungi (P <
0.05). After treatment with T. versicolor (12.05 + 0.31 m*/kg-s, 32.96%), A. biennis (10.29
+ 0.38 m*kg-s, 13.53%), P. coccineus (10.98 + 1.30 m*kg-s, 21.20%), C. lacerata (10.97
+ 0.2 m¥kg-s, 21.02%), alder woods showed a higher A values average than the control
group (Fig. 4).

The increase in A value was particularly high in soft maple. Increases of A values
were identified following treatments with T. versicolor (10.86 + 0.08 m*/kg-s, 51.37%), C.
lacerata (9.26 + 0.07 m*/kg-s, 29.14%), P. coccineus (8.64 + 0.36 m*/kg-s, 20.47%), A.
biennis (8.92 + 1.82 m*/kg-s, 24.16%), and L. lacteus (9.03 + 0.45 m*/kg-s, 25.93%); all
showed increases in A value greater than 20%. A comparison in term of strains, T.
versicolor showed the highest percentage changes compared to other strains, in alder
(35.7%), and soft maple (51.4%). This fungus has become known as the most efficient
species in the decay of the maple samples (Brglez et al. 2020). The A value exhibits a direct
proportionality to the sound speed in wood or the elastic modulus of wood, while it
demonstrates an inverse proportionality to the density. Consequently, species with lower
densities typically exhibit high A values, which is a key characteristic of wood utilized in
the production of musical instruments (Obataya et al. 2000; Sedik et al. 2010; Baar et al.
2016; Culik et al. 2016).

However, the density of wood varies significantly depending on the species. For
example, the density of Picea abies widely used in instruments is relatively low at 370 to
468 kg/m® (Culik et al. 2016; Danihelova et al. 2019). In addition, tropical species with
low densities (less than 350 kg/m?®) show A values of 12 or higher (Sedik et al. 2010). In
this study, alder and soft maple showed the greatest decay progress. The correlation
between density and A value increase rate due to decay was quite high. For alder, r = 0.893,
whereas for soft maple r = 0.775.
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Fig. 4. Change of A values of wood species (alder and soft maple) by eight wood rot fungi for 4
weeks

Changes in Wood Acoustic Property (ACE) Indicators by Decay

The ACE values of untreated woods were as follows: alder (280 + 41 m*/kg-s) and
soft maple (273 + 42 m*/kg*s) showed similar values. After fungal treatment, the average
ACE value was shown to have increased in woods. ACE values of alder within the range
of 294 to 421 m*/kg-s were shown after 4 weeks. Also, ACE values of soft maple within
the range of 317 to 387 m*/kg-s were shown, respectively.

After treatment with T. versicolor (421.16 + 18.09 m*/kg-s, 50.45%), A. biennis
(342.63 + 36.48 m*kg-s, 22.39%), P. coccineus (321.97 + 21.70 m*/kg-s, 15.01%), C.
lacerata (385.19 + 13.34 m*/kg-s, 37.6%), alder woods showed a higher A values average
than the control group (Fig. 5). An increased A value was also identified in soft maple.
ACE values identified in T. versicolor (388.82 + 27.3 m*/kg-s, 42.39%), C. lacerata
(369.54 + 39.53 m*/kg-s, 35.33%), P. coccineus (339.62 + 11.75 m*/kg-s, 24.37%), A.
biennis (321.39 + 6.40 m*/kg-s, 17.70%), and I. lacteus (317.27 + 21.93 m*/kg-s, 16.19%).

T. versicolor, which showed high average values of A and ACE that increased rates
relative to the fungi used, was used as a test train for white rot fungi in the Korean National
Standard Wood Weather Resistance Test Method (KS F 2213:2018), and is reported to
generally exhibit wood decay activity (Chen et al. 2017). It seemed that sufficient density
change must occur in order for A and ACE value to be increased to a meaningful level after
fungal treatment.

Damage by living organisms can cause a decrease in the structural strength of wood
(Spycher 2007; Suprapti et al. 2020; Oh 2021). When brown rot fungi are used instead of
white rot fungi, the reduction in structural strength is too strong compared to the wood
weight reduction, therefore resulting in negative results for wood acoustical properties
(Schwarze et al. 1995). After fungal modification, the woods should remain highly
workable; their density should decrease moderately with minimum change in the dynamic
modulus of elasticity along the wood grain and acoustic constant, and coloration of the
modified wood should be acceptable in terms of aesthetics. Therefore, in future studies, it
IS necessary to select strains and optimal degrees of decay by considering the changes in
the physical strength of the wood.
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Fig. 5. Change of ACE values of wood species (alder and soft maple) by eight wood rot fungi for 4
weeks

This research focused solely on the enhancement of the acoustic properties of wood
due to fungal decay, without addressing the reduction in wood strength. It is anticipated
that further investigation into additional physical changes in the wood, including
improvement mechanisms and strength loss, will be necessary.

CONCLUSIONS

1. This study showed that fungal treatment significantly altered the density and elastic
modulus of wood, which ultimately influenced the factor A value and the ACE value, both
of which determine sound quality.

2. Among the strains examined, the alterations in values caused by T. versicolor were the
most highly observed over the 4 weeks. However, rapid decay within a short period could
negatively impact the processing of the wood due to decrease in its structural strength.
Therefore, additional anatomical and strength approaches are necessary.

3. This study focused on only two factors, A and ACE, among various parameters. For
fundamental improvement in acoustical properties, research on a variety of parameters in
necessary.
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